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Abstract 237 
 238 
Biological invasions can be ecologically and economically catastrophic. Understanding 239 
which traits influence the successful establishment and spread of invasive species is vital to 240 
mitigate their impacts. Furthermore, ongoing biological invasions provide a unique 241 
opportunity to examine how different selection pressures across the invasion range lead to 242 
divergence in phenotypic traits. The cane toad (Rhinella marina) is a notoriously successful 243 
invader that has established in over 40 countries worldwide. Research on invasive cane toads 244 
in Australia has revealed rapid evolution of morphological and physiological traits related to 245 
dispersal rate in invasion-front toads. Behavioural traits may have evolved in similar ways. 246 
Traits such as high exploration, risk-taking, neophilia (an attraction to novelty) and sociality 247 
(which enables social learning) may drive invasion success in cane toads as these traits are 248 
likely to enhance dispersal and adaptation to novel environments. My PhD tested this 249 
prediction using standardised laboratory trials to examine divergence in behavioural traits in 250 
long-colonised versus invasion-front populations across the cane toads’ invaded range. I 251 
tested exploration, risk-taking, neophilia and social attraction in wild-caught toads from long-252 
colonised versus invasion-front populations from the cane toad’s ongoing invasion across 253 
tropical Australia. I also conducted the same behavioural trials using common-garden raised 254 
toads to tease apart genetic from environmental effects on behavioural divergence. I also 255 
investigated the effect of climate in the absence of prolonged range expansion by conducted 256 
behavioural trials using invasive cane toads from wet and dry climates from two Hawai’ian 257 
islands. My research revealed strong divergence in behavioural traits that enhance dispersal 258 
and adaptation to novel environments across the cane toads’ invasion range. Invasion-front 259 
cane toads were more exploratory, had a higher propensity to take risks, were more neophilic 260 
and more social than were conspecifics from long-colonised populations from Australia and 261 
Hawai’i. Furthermore, common-garden raised toads exhibited the same pattern of behavioural 262 
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divergence as seen in wild-caught Australian toads, suggesting a heritable component. My 263 
research reveals that differential selection on behavioural responses to encountering novel 264 
environments in long-colonised versus invasion-front populations has led to a distinctive 265 
highly exploratory, bold (risk-taking), neophilic and social behavioural phenotype at the 266 
invasion-front. 267 
  268 
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General Introduction 269 
 270 
Biological invasions provide an ideal opportunity to examine how exposure to novel 271 
ecological and evolutionary pressures can result in the rapid divergence of behavioural traits 272 
between long-colonised versus invasion-front populations. Invasive species can inflict 273 
catastrophic ecological and economical damage, and an understanding of how behavioural 274 
traits change with range expansion (and how they may contribute to invasion success) can 275 
help to frame management strategies to mitigate an invader’s impact (Holway and Suarez 276 
1999). Behavioural traits such as exploration, risk-taking and neophilia (an attraction to 277 
novelty) are predicted to be more common in vanguard populations compared to long-278 
colonised populations, because individuals with such traits are more likely to disperse widely 279 
and exploit novel environments (Rehage and Sih 2004; Cote et al. 2010a; Chapple et al. 280 
2012; Sih et al. 2012).  281 
Behavioural traits associated with dispersal and adaptation to novel environments have been 282 
linked to invasion success in several taxa including fish (Cote et al. 2010b; Chapman et al. 283 
2011; Groen et al. 2012), reptiles (Aragon et al. 2006a; Aragon et al. 2006b; Cote and Clobert 284 
2007; Chapple et al. 2012), birds (Verbeek et al. 1994; Dingemanse et al. 2003; Duckworth 285 
2006; Duckworth and Badyaev 2007; Duckworth 2008; Liebl and Martin 2012; Liebl and 286 
Martin 2014) and invertebrates (Brodin and Drotz 2014; Monceau et al. 2015). For example, 287 
range-edge individuals are bolder and more exploratory than are conspecifics from the range-288 
core in invasive round goby (Neogobius melanostomus) (Groen et al. 2012; Myles-Gonzalez 289 
et al. 2015). Similarly, invasion-front house sparrows (Passer domesticus) are more 290 
exploratory and likely to consume novel foods than are conspecifics from the range core 291 
(Liebl and Martin 2012; Liebl and Martin 2014). Individuals from range-edge populations 292 
also may be more aggressive (Duckworth and Badyaev 2007) and less social (Cote et al. 293 
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2010b; Cote et al. 2011; Fogarty et al. 2011) compared with those from range-core 294 
populations.  295 
Behavioural traits may diverge across an invasion range due to both adaptive and non-296 
adaptive processes. The most obvious adaptive mechanism is natural selection; differential 297 
benefits of specific behavioural traits in invasion-front versus long colonised populations may 298 
drive behavioural divergence across the invasion range (Dingemanse et al. 2003; Atwell et al. 299 
2012). For example, traits such as exploration, risk-taking, neophilia and social attraction 300 
may confer fitness advantages for individuals in the vanguard as they enhance an individual’s 301 
ability to exploit novel niches and locate food, shelter and mates (Foster and Sih 2013; Sih 302 
2013; Liebl and Martin 2014). Contrastingly, in high density populations in long-colonised 303 
areas where the location of resources are predictable, individuals may benefit from more 304 
sedentary, asocial, risk-averse behaviour as it reduces competition, predation risk and 305 
pathogen transfer (Brown et al. 2013). However, behavioural divergence across the invasion 306 
range may occur even in the absence of differential selection, due to non-adaptive 307 
mechanisms. These include spatial sorting (inter-breeding of high dispersal phenotypes at the 308 
range-edge leading to the inheritance of enhanced dispersal-related traits in offspring; Shine 309 
et al. 2011) or indirect changes due to genetic links to morphological and physiological traits 310 
under selection (Réale et al. 2010a; Réale et al. 2010b). Lastly, both adaptive and non-311 
adaptive processes may favour the evolution of increased behavioural plasticity, which can 312 
generate behavioural divergence across the invasion range if individuals shift their behaviour 313 
to suit local climates, predators, food resources, population densities and resource availability 314 
(Wright et al. 2010; Sih 2013).  315 
The cane toad (Rhinella marina Linnaeus 1758) is one of Australia’s most notorious invasive 316 
species. Introduced to Australia in 1935 in a futile attempt to control insect pests in sugar-317 
cane plantations, the cane toad soon spread from north-eastern to north-western Australia 318 
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(Lever 2001). Extensive research has documented the rapid evolution of morphological 319 
(Phillips et al. 2006; Hudson et al. 2016b), physiological (Tingley et al. 2012; McCann et al. 320 
2014; Brown et al. 2015) and life history (Phillips et al. 2010) traits across the cane toads’ 321 
Australian invasion range. Behavioural traits that enhance dispersal and adaptation to novel 322 
environments may also diverge across the cane toads’ invasion range; indeed, behaviour may 323 
be just as important as morphology, physiology and life-history in this respect.  324 
My PhD investigates the nature and causation of geographical divergence of behavioural 325 
traits in invasive cane toads between populations from long-colonised versus invasion-front 326 
areas. I conduct standardised, laboratory-based behavioural trials to measure a suite of traits 327 
associated with dispersal and adaptation to novel environments. These traits are exploration, 328 
risk-taking (boldness), neophilia (an attraction to novelty) and social aggregation. My thesis 329 
is presented as a series of chapters, each of which has either been published or submitted for 330 
publication in a peer-reviewed scientific journal. Thus, there is some unavoidable repetition 331 
of background information and methodology. 332 
Chapter 1 investigates geographic divergence in exploration and risk-taking behaviour in 333 
cane toads across their Australian invasion range. I conducted standardised laboratory trials 334 
using long-colonised populations from Queensland, an intermediate population from the 335 
Northern Territory and an invasion-front population from Western Australia. I hypothesised 336 
that exploration and risk-taking behavioural traits would be more common in invasion-front 337 
compared to long-colonised and intermediate populations as individuals with such traits are 338 
likely to disperse widely and exploit novel niches and locate food, shelter and mates in novel 339 
environments.  340 
Chapter 2 explores if geographic variation in wet versus dry climatic conditions affects 341 
behavioural divergence in cane toads. Variation in climate across a species range may lead to 342 
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geographic divergence in behavioural traits via plastic behavioural responses to changing 343 
conditions, genetic drift or through natural selection that is, differential fitness benefits of 344 
certain behavioural traits in wet versus dry environments. Variation in wet versus dry 345 
conditions across a species range may also affect behavioural divergence by enhancing or 346 
restraining dispersal opportunities via climatic effects on habitat permeability. To test these 347 
ideas, I travelled to two Hawai’ian islands (Oahu and Hawai’i) where invasive cane toads (of 348 
the same ancestry as the Australian toads) are exposed to highly divergent climatic conditions 349 
on the wet versus dry sides of each island (Sanderson 1993). I conducted exploration, risk-350 
taking and neophilia (attraction to a novel object) behavioural trials on Hawai’ian toads. 351 
Chapter 3 investigates the mechanistic basis of behavioural divergence in cane toads, 352 
specifically, I wanted to examine the potential role for evolved (heritable) rather than 353 
phenotypically plastic mechanisms for intraspecific behavioural divergence. 354 
Chapter 4 examines if social aggregation behaviour varies with invasion history in cane toads 355 
using long-colonised populations from the Australian and Hawai’ian invasion ranges and 356 
invasion-front populations from Western Australia. In laboratory trials, I measured the 357 
proportion of focal toads to approach a stimulus toad and the time that focal toads spent with 358 
a stimulus toad. I predicted that invasion-front populations may benefit from increased social 359 
attraction, because (1) low population densities at the invasion-front reduce competition, risks 360 
of pathogen transfer and increase benefits of information transfer, and (2) grouping may 361 
provide protection from abiotic challenges such as extreme temperatures and desiccation 362 
imposed by the harsh environment of the Western Australian range-edge. Contrastingly, low 363 
levels of social attraction may be beneficial in long-colonised populations as the ecological 364 
costs of proximity to conspecifics are likely greater in these higher density populations.  365 
 366 
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Chapter 5 explores how toad behaviour changes across identical repeated trials in captivity 367 
(habituation). Plausibly, toads at an invasion front might habituate (i.e., adjust to novel 368 
conditions) in different ways than conspecifics from long-colonised areas. Specifically, 369 
invasion-front toads may habituate quicker to repeated trials in captivity as they are more 370 
exploratory and willing to take risks (they exhibit a ‘bolder’ behavioral type) compared with 371 
conspecifics from long-colonised populations (Gruber et al. 2017). I examined changes in 372 
exploratory and risk-taking behaviour across trial times as a function of rearing condition and 373 
population origin using wild-caught toads from long-colonised Australian and Hawai’ian and 374 
Australian invasion-front populations and captive common-garden raised toads of Australian 375 
long-colonised and invasion-front ancestry.  376 
 377 
 378 
 379 
 380 
 381 
 382 
 383 
 384 
 385 
 386 
 387 
 388 
 389 
 390 
 391 
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Chapter 1.  521 
 522 
Geographic divergence in dispersal-related behaviour in 523 
cane toads from range-front versus range-core 524 
populations in Australia 525 
 526 
Published in Behavioural Ecology and Sociobiology – Gruber J, Whiting MJ, Brown GP, 527 
Shine R (2017) Geographic divergence in dispersal-related behaviour in cane toads from 528 
range-front versus range-core populations in Australia. Behavioral Ecology and Sociobiology 529 
71:38 DOI 10.1007/s00265-017-2266-8 530 
 531 
Abstract 532 
 533 
In invasive species, geographically variable evolutionary and ecological pressures can cause 534 
the rapid evolution of divergent behavioural phenotypes. Studies on invasive cane toads 535 
(Rhinella marina) in tropical Australia have revealed strong (and heritable) shifts in 536 
physiological traits related to dispersal rate. Behavioural phenotypes may have evolved in 537 
similar ways. We used standardised arena trials to test field-collected adult female toads from 538 
three populations: a range-core area in Queensland (ca. 76 years post-colonisation), a range-539 
front population in Western Australia (<5 years post-colonisation) and an intermediate 540 
Northern Territory population (11 years post-colonisation). As predicted, toads from the 541 
range-front population were more exploratory and more likely to take risks in a novel arena 542 
environment than were conspecifics from the range-core population. We suggest that 543 
differential selection on behavioural responses to novel conditions in range-core versus 544 
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range-front populations has produced a distinctive behavioural phenotype at the range-front 545 
that retains a high propensity for exploration and risk-taking (enhancing the ability of range-546 
front toads to locate food and shelter) even when faced with novel environments. In contrast, 547 
at the range-core where the locations of resources are known, a decrease in exploration and 548 
risk-taking in response to a novel environment may be favoured as it assists toads in evading 549 
threats. 550 
Significance statement 551 
Ongoing biological invasions provide an ideal opportunity to examine which phenotypic 552 
traits drive establishment, range-expansion and invasion success. Furthermore, ongoing 553 
invasions allow us to investigate if variation in evolutionary and ecological pressures across 554 
an invasion range leads to geographical divergence in phenotypic traits. Dispersal ability is a 555 
key factor in invasion success. Behavioural traits such as exploration and a propensity to take 556 
risks enhance dispersal as individuals with these traits rapidly move out of their existing 557 
range and exploit new habitats and resources. We studied geographic divergence of dispersal-558 
related behavioural traits across the Australian invasion range of cane toads (Rhinella 559 
marina) using standardised laboratory trials. We found that range-front toads were more 560 
exploratory and more likely to take risks than were conspecifics from range-core areas. Our 561 
results suggest that dispersal-enhancing behavioural traits may be important drivers of 562 
invasion success in cane toads.  563 
Key words: adaptation, alien species, Bufo marinus, amphibian 564 
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Introduction  565 
 566 
Biological invasions can be catastrophic ecologically (Kolar and Lodge 2001), stimulating 567 
extensive research on traits that influence the successful establishment of invasive species 568 
(Fogarty et al. 2011; Chapple et al. 2012). Dispersal ability is a strong predictor of invasion 569 
success (Sih et al. 2004; Myles-Gonzalez et al. 2015) and behavioural traits such as boldness, 570 
sociability and aggression have been associated with behaviour-dependent dispersal and 571 
invasion success in fishes (Cote et al. 2010a, 2011; Chapman et al. 2011; Groen et al. 2012), 572 
birds (Verbeek et al. 1994; Dingemanse et al. 2003; Duckworth 2006; Duckworth and 573 
Badyaev 2007; Duckworth 2008; Liebl and Martin 2012, 2014), reptiles (Aragon et al. 2006 574 
a,b; Cote and Clobert 2007; Meylan et al. 2009; Chapple et al. 2012), and invertebrates 575 
(Brodin and Drotz 2014; Monceau et al. 2015). Exploration and risk-taking are dispersal-576 
related behavioural traits forming part of a shy-bold continuum, a key axis of behavioural 577 
variation in many taxa (Wilson et al. 1994; Riesch et al. 2009). Boldness can be defined as 578 
the propensity of an individual to take risks and explore in a novel environment (Wilson et al. 579 
1993, 1994; Riesch et al. 2009). Individuals with bold behaviour (such as high levels of 580 
exploration and risk-taking) are predicted to be more common in vanguard populations as 581 
they are more likely to disperse beyond their home range, and accept the risks inherent in 582 
dispersal into novel environments, than are shyer conspecifics (Rehage and Sih 2004).  583 
 584 
In investigating the role of dispersal-enhancing behavioural traits in invasion success, we 585 
need to consider the relative costs and benefits of different behavioural traits in range-front 586 
versus range-core populations. If there are differential benefits of certain behavioural types 587 
across the invasion range, this could lead to variation in the frequency (prevalence) of these 588 
traits in range-front versus range-core populations. Different behavioural types may be 589 
favoured at different stages of an invasion (Duckworth and Badyaev 2007; reviewed in Cote 590 
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et al. 2010b; Chapple et al. 2012). For example, costs associated with range expansion 591 
include the risk of novel predators, the unknown availability or location of resources and a 592 
potential decrease in reproductive opportunities as the likelihood of encountering a mate may 593 
be reduced (Simmons and Thomas 2004; Myles-Gonzalez et al. 2015). Therefore, it may be 594 
beneficial for these ‘pioneers’ to be exploratory and willing to take risks in order to seek out 595 
and use resources such as food, water and shelter (Verbeek et al. 1994). Conversely, 596 
individuals from long-colonised populations are familiar with the location of resources in 597 
their environment and hence may lower their risk of predation or parasite infection by 598 
reducing their activity and risk-taking behaviour. 599 
The cane toad (Rhinella marina) is a highly successful invasive species in Australia. 600 
Intensive research has documented acceleration in dispersal rate and the rapid evolution of 601 
dispersal-enhancing traits during its Australian invasion. For example, invasion-front toads 602 
grow faster, have longer legs, and move more often and for longer periods than do 603 
conspecifics from long-colonised areas (Phillips et al. 2006, 2007; Brown et al. 2013; 604 
LindstrÖm et al. 2013). Their locomotor endurance may also be higher (Llewellyn et al. 605 
2010), and genes associated with metabolism and cellular repair are upregulated at the 606 
invasion front (Rollins et al. 2015). Evolutionary theory suggests that natural selection and 607 
spatial sorting for enhanced rates of dispersal should favour shifts in any phenotypic traits 608 
that enable a toad to disperse more rapidly (e.g., Shine et al. 2011). Hence, behavioural traits 609 
that enhance dispersal may well be at least as important as evolved shifts in morphology and 610 
physiology in this respect (in cane toads as in other species). 611 
We tested for variation in exploratory and risk-taking behaviour during the cane toad 612 
invasion by running standardised laboratory-based trials on wild-caught adult toads from 613 
three locations across the invasion range with different times since colonisation (ca. 76 years, 614 
11 years and <5 years post-colonisation). We conducted two separate behavioural trials: an 615 
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exploration trial in which we measured time spent moving and rate of movement in a novel 616 
environment, and a risk-taking trial in which we recorded whether not an individual emerged 617 
from a shelter into a novel environment, and its latency to emerge. We predicted that toads 618 
from the range front would exhibit higher levels of exploration and risk-taking behaviour 619 
(i.e., would be bolder) than would conspecifics from intermediate and range-core 620 
populations.  621 
 622 
Materials and Methods 623 
 624 
Study Animals and Maintenance 625 
In 2014, we collected a total of 48 adult female cane toads (Rhinella marina) comprising 16 626 
toads from each of three locations (toads were collected from three sample sites within each 627 
location) across their invasion range in Australia: Cairns, Queensland (17⁰56’S, 145⁰56’E; 76 628 
years post-colonisation; mean annual rainfall: 1999.7 mm, mean annual maximum 629 
temperature: 29.0⁰); Middle Point, Northern Territory (12⁰34’S, 131⁰18’E; 11 years post-630 
colonisation; mean annual rainfall: 1421.7 mm, mean annual maximum temperature: 33.1⁰); 631 
and Purnululu, Western Australia (17⁰27’S, 128⁰33’E; <5 years post-colonisation; mean 632 
annual rainfall: 760.8mm, mean annual maximum temperature: 34.7⁰) (Australian 633 
Government Bureau of Meteorology [www.bom.gov.au] 2016). ‘Years post-colonisation’ for 634 
each population represents a mean calculated from the ‘years post-colonisation’ of each of 635 
the three sample sites within each population across the invasion range. Years since 636 
colonisation for all sub-sample-sites ranged from 76 to 80 years at the range-core, 10 to 11 637 
years for the intermediate populations, and 4 to 5 years for the range-front populations. Toads 638 
were weighed to the nearest 0.1 g on a digital scale, measured (snout-urostyle length [SUL]) 639 
to the nearest 0.01 mm using digital calipers and transported to animal holding facilities at 640 
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Macquarie University (Sydney: 33°46’S, 151°06’E), where they were housed in a 641 
temperature-controlled room (27-30⁰). Because adult toads are most active at night (Zug and 642 
Zug 1979; Lever 2001), room lights were set to a reverse day-night cycle to allow 643 
behavioural trials to be carried out during the day (dark-phase). Two to three toads were 644 
housed as groups in large (100 L) plastic tubs with mesh lids. Toads were fed crickets dusted 645 
with calcium and multi-vitamin powders three times per week and water was provided ad 646 
libitum. Toads were weighed and measured before and after each trial block to monitor their 647 
health and to detect any negative impact of experimental procedures. None of the toads 648 
showed any signs of illness or weight loss throughout their time in captivity. Toads were 649 
given four weeks to adjust to the reverse day-night cycle before trials commenced. 650 
Toads were captured at night by hand and placed in moist calico bags (no more than two 651 
toads per bag). Toads were classified as adults based on body size, and their sex was 652 
determined to be female based on the absence of nuptial pads on the fore-limbs and lack of a 653 
‘release call’ when held (only males are able to make release calls in this species: Bowcock et 654 
al. 2008). During transportation to the laboratory, toads were held in moist calico bags inside 655 
plastic boxes with air-holes, inside insulated boxes. Toads were released into their housing 656 
tubs and were provided with water as soon as they arrived at the laboratory. The housing tubs 657 
were kept within an air-conditioned room, maintained at temperatures (27-30o) well within 658 
the usual activity range for this species (McCann et al. 2014). Toads were identified by toe-659 
clipping. Only the very tips of the toes were clipped and the animals exhibited no overt signs 660 
of discomfort during the procedure. Toe-clipping does not elevate plasma corticosterone 661 
levels of this species above those induced by handling alone (Fisher et al. 2013). Handling of 662 
toads was kept to a minimum throughout their time in captivity and toads were transferred to 663 
and from trial arenas in dark plastic tubs to reduce stress. Toads were left undisturbed during 664 
non-trial periods to keep the stress of captivity to a minimum.  665 
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Because wildlife permits do not allow this invasive species to be released into the wild, all 666 
toads were humanely euthanased by injection of sodium brevital at the conclusion of the 667 
trials. 668 
General Methods  669 
Trials began after toads had spent four weeks in captivity. We conducted behavioural trials 670 
between 0800 - 1700 h (the dark phase of the reverse day/night cycle). Trials were split over 671 
two days, with half of the animals from each population tested on each day. Individuals from 672 
each population were randomly allocated to a trial time and arena within each trial day and 673 
we ran 24 toads (eight toads from each population) each day. All toads experienced trial types 674 
in the same order, that is, a risk-taking trial followed by an exploratory trial with one rest day 675 
in-between. Trials took place in rectangular opaque plastic arenas (115 x 71 x 40 cm). We 676 
covered the floor of each arena with plain paper, which was changed between every trial to 677 
eliminate scent cues from previously tested toads. We also measured the arena substrate 678 
temperature before the commencement of each trial (arena substrate temperatures ranged 679 
from 26-30º). All trials were recorded using CCTV cameras and we scored videos using 680 
Ethovision XT10 behavioural analysis software. Ethovision scored all videos in a 681 
standardised way without information on population of origin (to ensure blind scoring). The 682 
investigator left the room during trials to avoid interfering with toad behaviour. 683 
Risk-taking (Emergence Behaviour) Trial 684 
The arena contained two artificial rocks (each rock was ca. 10 cm in diameter, and the toads 685 
could not crawl beneath them to seek shelter) and fly-screen material hanging from the walls 686 
to provide visual novelty. We also placed a shelter at one end of the arena (Fig. 1a). At the 687 
commencement of trials, we placed a toad in the shelter, and allowed two minutes for the 688 
animal to settle down. We then gently lifted an outer cover allowing the toad the option of 689 
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leaving the shelter through an exit hole. We filmed trials for 30 minutes. Our score for risk-690 
taking behaviour was based on whether or not a toad emerged from the shelter during a trial, 691 
and the time it took a toad to emerge from the shelter (latency to emerge in seconds) during 692 
the 30-minute trial. We classed toads as having emerged from the shelter only when their 693 
entire body was visible. We allocated a score of 1800 s to toads that did not emerge.  694 
Exploratory Behaviour Trial 695 
The same test arenas were re-used for the exploratory trials, but the wall-hanging material 696 
and rocks were removed and replaced with four equally-spaced shelters (one along each side 697 
of the arena), allowing toads the option of seeking refuge (Fig. 1b). Thus, high activity levels 698 
in this trial were associated with exploration, not shelter-seeking. To begin a trial, we placed 699 
a toad under a rest shelter in the centre of the arena for two minutes. The rest shelter was then 700 
removed and the toad was filmed for the next 30 minutes. We measured the total distance a 701 
toad moved (cm) and the total time a toad spent moving (s) for the duration of the trial.  702 
a)                                                                            b) 703 
 704 
 705 
                                                                        706 
Fig. 1 Arenas used to test dispersal-related behaviours in cane toads (Rhinella marina) from 707 
three populations (range-core, intermediate and range-front) across their Australian invasion 708 
range; a) Emergence trial arena, b) Exploratory trial arena. 709 
 710 
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Statistical Analyses 713 
We used a general linear model in JMP 11.0 (SAS Institute, Cary, NC) to analyse the effects 714 
of years post-colonisation (range-front = 5 years, intermediate = 11 years, range-core = 76 715 
years) on behavioural traits. Years post-colonisation were calculated as the mean of the time 716 
since colonisation of each of three sub-sample sites within each population and modelled as a 717 
categorical variable in all analyses. Potentially confounding factors such as day of trial, time 718 
of trial, arena number, arena temperature and toad mass (g) were included in all initial models 719 
with behavioural traits as the dependent variables. We ran separate models for exploratory 720 
and risk-taking trials. We analysed the following measures: latency to emerge and emergence 721 
(binomial, whether individuals emerged during trials) for risk-taking trials and time spent 722 
moving and rate of movement (as quantified by the residual scores from a general linear 723 
regression of total distance moved against total time spent moving) for exploratory trials. We 724 
used Tukey’s post-hoc tests to run pairwise comparisons between populations. A generalised 725 
linear model with a binomial logit link function (GENMOD function in SAS 9.3 – SAS 726 
Institute, Cary, NC) was used to compare populations with respect to whether or not toads 727 
emerged during trials. We used top-down stepwise model selection, starting with a full model 728 
including all factors, covariates and their interactions and sequentially deleting non-729 
significant terms. Only those factors and interactions with P < 0.05 were retained and the 730 
final model was selected using the AIC comparison method. Arena temperature, arena 731 
number, time of trial and toad mass had non-significant effects on behavioural traits and thus 732 
were excluded from the final models. All data were checked for normality and 733 
homoscedasticity and log-transformed to meet these assumptions as required.  734 
 735 
 736 
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Results 737 
 738 
Risk-taking (Emergence) Behaviour 739 
Emergence. Years post-colonisation had a significant effect on the likelihood that a toad 740 
would emerge from its shelter during trials (z = 2.27, P = 0.023). Range-front toads were 741 
more likely to emerge from the shelter than were toads from range-core (z = 2.83, P = 0.012; 742 
Fig. 2a) or intermediate populations (but the difference did not attain statistical significance: z 743 
= 2.19, P = 0.072; Fig. 2a). 744 
Latency to Emerge. Years post-colonisation had a significant effect on the latency of toads to 745 
exit a shelter during emergence trials (F
2,36
 = 6.00, P = 0.001). Toads from the range-front 746 
population were quicker to emerge from the shelter than were conspecifics from the range-747 
core (P = 0.011; Fig. 2b) or intermediate populations (P = 0.017; Fig. 2b). The day that toads 748 
experienced the trial also had an effect on a toad’s latency to emerge from a shelter (toads 749 
tested on Day 2 were quicker to emerge than those that were trialled on Day 1: F2,36 = 9.14, P 750 
= 0.005). There was no significant interaction effect between years post-colonisation and day 751 
of trial on the latency of emergence (F2,41 = 0.68, P = 0.51). 752 
Exploratory Behaviour 753 
Time Spent Moving. The time a toad spent moving during exploration trials varied with years 754 
post-colonisation (F2,36 = 8.26, P = 0.001). Toads from the range-front and the intermediate 755 
population spent more time moving than did toads from the range-core population (range-756 
front vs. range-core P = 0.002, intermediate vs. range-core P = 0.011; Fig. 3a). Range-front 757 
and intermediate populations did not differ significantly in this respect (P = 0.90; Fig. 3a).  758 
Rate of Movement. Years post-colonisation had a significant effect on the rate of toad 759 
movement during exploration trials (F2,36 5.34, P = 0.009). Range-front toads had a higher 760 
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rate of movement than did range-core toads (P = 0.002; Fig. 3b). Toads from the intermediate 761 
population did not differ significantly from either the range-core or range-front populations in 762 
their rate of movement (range-edge vs. intermediate P = 0.15, intermediate vs. range-core P = 763 
0.54; Fig. 3b).  764 
 765 
Fig. 2 a) Proportion of toads to emerge from a shelter during a risk-taking behavioural trial 766 
and, b) the latency to emerge from a shelter of cane toads from range-front, intermediate and 767 
range-core populations from across their Australian invasion range during a risk-taking 768 
behavioural trial.  Letters above columns indicate significant differences (P < 0.05) among 769 
populations after Tukey's post-hoc tests. Bars indicate ± standard errors. 770 
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 774 
Fig. 3 a) Total time spent moving and b) Rate of movement of cane toads from range-front, 775 
intermediate and range-core populations across their Australian invasion range during 776 
exploratory trials (total time spent moving data were log-transformed for analyses and have 777 
been back-transformed for graphs for visualisation purposes. Rate of movement measures 778 
were calculated from residuals of time spent moving and total distance moved during 779 
exploratory trials). Letters above columns indicate significant differences (P < 0.05) among 780 
populations after Tukey's post-hoc tests. Bars indicate ± standard errors. 781 
 782 
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take-risks (exhibited a bolder behavioural phenotype) in a novel environment than were 785 
conspecifics from range-core populations. The divergence we have documented in 786 
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novel conditions encountered at the range front (Chapple et al. 2011). If lowered density of 792 
conspecifics reduces intraspecific competition for food at the range front, and hence enhances 793 
feeding opportunities for fast-dispersing individuals (as occurs in cane toads; Brown et al. 794 
2013), natural selection may favour such traits (Myles-Gonzalez et al. 2015). Conversely, 795 
more sedentary risk-averse behaviour may enhance individual fitness in range-core areas, 796 
where the location of resources is known and predators and parasites are more common (due 797 
to higher invader population densities; Wright et al. 2010). These scenarios suggest that 798 
behavioural divergence between range-core and range-front populations may be driven by 799 
natural selection, because different traits optimise fitness in the two situations. 800 
Alternatively, behaviours that increase an individual’s rate of dispersal may be more common 801 
at the leading edge of an expanding population through non-adaptive processes such as 802 
spatial sorting (Shine et al. 2011). That is, only the fastest-dispersers reach the expanding 803 
frontline of the invasion, where (inevitably) they interbreed with each other. Some of their 804 
progeny inherit genes for fast dispersal from both parents, and thus disperse even more 805 
rapidly than their parents. This cumulative process can generate highly dispersive phenotypes 806 
at the range front, even in the absence of any fitness benefit to rapid dispersal (Phillips et al. 807 
2006, 2008; Brown et al. 2007; Shine et al. 2011). Although studies on cane toads to date 808 
have emphasised the role of morphological and physiological traits in enhancing rates of 809 
dispersal (Phillips et al. 2006, 2007; Brown et al. 2013; LindstrÖm et al. 2013), behavioural 810 
phenotypes such as high exploration and risk-taking may be just as important in this respect 811 
(e.g., Gonzalez-Bernal et al. 2014). 812 
Whether or not the geographic variation in behavioural traits is adaptive, the mechanistic 813 
basis of that variation is also of interest. At one extreme, behavioural traits may be heritable 814 
(encoded by genes or epigenes: Drent et al. 2003; van Oers et al. 2004). At the other extreme, 815 
the variation may result from phenotypically plastic responses to environmental conditions in 816 
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different parts of that range (Dall et al. 2004; Réale et al. 2010). For example, thermal and 817 
hydric regimes vary considerably from Queensland to Western Australia (see Materials and 818 
Methods). Even at a proximate level, spatial variation in factors such as temperature, 819 
moisture, water quality, or conspecific densities can substantially modify developmental 820 
trajectories of anuran amphibians (Indermaur et al. 2010; Ducatez et al. 2016). Variation in 821 
behavioural plasticity across the invasion-range warrants future research.  822 
In summary, cane toads in Australia have rapidly evolved traits that enhance their rates of 823 
dispersal. Previous research has shown that toads at the range front grow faster, have longer 824 
legs and more gracile bodies, move more often and for more prolonged periods than do toads 825 
from long-colonised areas; and these geographic divergences are also seen in progeny that 826 
have been raised in standardised conditions (Brown et al. 2013, 2014; Phillips et al. 2006, 827 
2007; Hudson et al. 2016a). Here, we have shown that range-front toads also exhibit bolder, 828 
more dispersal-enhancing behavioural traits than do toads from range-core areas. To 829 
investigate if the behavioural variation found in this study is due to genetic divergence or to 830 
environmentally-induced (plastic) responses, future research could usefully repeat our studies 831 
on common-garden-raised offspring from across the invasion range (as has been used to 832 
calculate the heritability of physiological and morphological traits in cane toads: Llewellyn et 833 
al. 2010; Brown et al. 2013; Hudson et al. 2016b).  834 
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Chapter 2. 981 
Behavioural divergence during biological invasions: a 982 
study of cane toads (Rhinella marina) from contrasting 983 
environments in Hawai’i 984 
 985 
Currently in review Gruber J, Brown G, Whiting MJ, Shine R 986 
 987 
Abstract 988 
 989 
Invasive species must deal with novel challenges, both from the alien environment and from 990 
pressures arising from range expansion per se (e.g., spatial sorting). Those conditions can 991 
create geographic variation in behaviour across the invaded range, as has been documented 992 
across regions of Australia invaded by cane toads; range-edge toads are more exploratory and 993 
willing to take risks than are conspecifics from the range core. That behavioural divergence 994 
might be a response to range expansion and invasion per se, or to the different environments 995 
encountered. Climate differs across the cane toad’s invasion range from the wet tropics of 996 
Queensland to the dry monsoonal climate of northwestern Western Australia. The different 997 
thermal and hydric regimes may affect behavioural traits via phenotypic plasticity or through 998 
natural selection. We cannot tease apart the effects of range expansion versus climate in an 999 
expanding population but can do so in a site where the colonising species was simultaneously 1000 
released in all suitable sites, thus removing any subsequent phase of range expansion. Cane 1001 
toads were introduced to Hawai’i in 1932; and thence to Australia in 1935. Toads were 1002 
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released in all major sugarcane-growing areas in Hawai’i within a 12-month period. Hence, 1003 
Hawai’ian cane toads provide an opportunity to examine geographic divergence in 1004 
behavioural traits in a climatically diverse region (each island has both wet and dry sides) in 1005 
the absence of range expansion subsequent to release. We conducted laboratory-based 1006 
behavioural trials testing exploration, risk-taking and response to novelty using field-caught 1007 
toads from the wet and dry sides of two Hawai’ian islands (Oahu and Hawai’i). Toads from 1008 
the dry-side of Oahu had a higher propensity to take risks than did toads from the dry-side of 1009 
Hawai’i. Toads from Oahu were also more exploratory than were conspecifics from the 1010 
island of Hawai’i. However, toads from wet versus dry climates were similar in all 1011 
behaviours that we scored, suggesting that founder effects, genetic drift, or developmentally 1012 
plastic responses to ecological factors other than climate may have driven behavioural 1013 
divergence between islands.  1014 
Key words. alien species-Bufo marinus-dispersal phenotype-exploration-neophilia 1015 
 1016 
 1017 
 1018 
 1019 
 1020 
 1021 
 1022 
 1023 
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Introduction  1024 
 1025 
At the range-front of an ongoing invasion, vanguard individuals encounter novel ecological 1026 
and evolutionary pressures that are not experienced by conspecifics from long-colonised 1027 
areas (Phillips et al. 2010). There are two broad reasons why we might expect to see 1028 
distinctive behavioural phenotypes in an invasive population. The first is that they are 1029 
encountering novel ecological challenges (e.g., climate, habitat, predators and prey), best 1030 
dealt with by specific behaviours such as a propensity to explore, engage with novel objects 1031 
and take risks. The second explanation involves the process of range expansion, which may 1032 
lead to higher frequencies of traits at the range front as a result of natural selection, plasticity 1033 
and non-adaptive processes such as spatial sorting (increased dispersal rates due to assortative 1034 
mating of fast-dispersing individuals: Shine et al. 2011) and surfing of deleterious mutations 1035 
(Excoffier et al. 2009; Travis et al. 2007). 1036 
Individuals with dispersal-enhancing behavioural traits such as high levels of exploration, 1037 
neophilia (an attraction to novelty) and risk-taking are predicted to be more common in 1038 
invasion-front than in long-colonised populations both because they enhance an individual’s 1039 
ability to find food and shelter in novel environments (Cote et al. 2010a; Chapple et al. 2012; 1040 
Sih et al. 2012) and because these traits increase dispersal rates (Dingemanse et al. 2007; 1041 
Fraser et al. 2001). In keeping with this prediction, dispersal-enhancing behavioural traits are 1042 
associated with range-expansion and invasion success in several species (Table 1). A key 1043 
question in invasion biology is whether variation in behavioural traits during an invasion is a 1044 
consequence of encountering novel environments, such as new climatic conditions, or due to 1045 
the pressures imposed by range expansion? To answer this question, we need a study system 1046 
with multiple invasive populations that differ in whether or not they are undergoing range 1047 
expansion.  1048 
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The cane toad (Rhinella marina, [Linnaeus 1758]) is a notoriously successful invasive 1049 
species (Lever 2001). Originally from Central and South America, cane toads were 1050 
introduced to the Caribbean in an attempt to control pests in sugar cane plantations before 1051 
being introduced to Hawai’i in 1932 (Lever 2001; Pemberton 1949). Cane toads from the 1052 
Hawai’ian population were introduced to Australia in 1935 (Easteal 1981; Turvey 2009). The 1053 
ongoing cane toad invasion in Australia has been accompanied by divergence in behavioural 1054 
traits across the invasion range. Invasion-front toads are more exploratory and more willing 1055 
to take risks than are conspecifics from long-colonised populations (Gruber et al. 2017a). 1056 
Such behavioural divergence across the cane toads’ Australian invasion range may be related 1057 
to range expansion, or to other factors such as variation in climate between the range-edge 1058 
and the range-core. Precipitation decreases from the north-eastern to the north-western areas 1059 
of the cane toad’s Australian invasion range (Trumbo et al. 2016). Cane toads from long-1060 
colonised populations in north-eastern Australia experience a monsoonal climate with a warm 1061 
wet season followed by a cooler dry season, whereas cane toads at the invasion front in north-1062 
western Australia experience long periods of intense heat and aridity (Trumbo et al. 2016). 1063 
Such climatic differences could plausibly lead to divergence in cane toad behaviour via 1064 
adaptation (if there is a differential fitness benefit of dispersal-enhancing behavioural traits 1065 
across the range) or through plastic behavioural responses to changing climates.  1066 
Climatic factors such as temperature and precipitation can have profound effects on an 1067 
organism’s physiology, morphology, life-history and fitness (Davenport and Hossack 2016). 1068 
Geographic variation in climate has been linked to divergence in phenotypic traits across 1069 
species ranges across many taxa. For example, cold temperatures lead to larger body size 1070 
(often termed, Bergmann’s rule or the temperature-size rule, Abrams et al. 2017; Atkinson et 1071 
al. 1994) in birds (Ashton 2002), insects (Abrams et al. 2017; Moiroux et al. 2015), and 1072 
chelonian reptiles (Ashton and Feldman 2003). Water uptake in two species of anuran 1073 
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Rhinella humbolti and Leptodactylus fuscus is slower in individuals from wet environments 1074 
compared to conspecifics from dry environments (Cruz-Piedrahita et al. 2017). And, low 1075 
temperature and precipitation leads to smaller thicker leaves, less trichomes and dwarf 1076 
phenotypes compared to conspecifics inhabiting warmer areas with more rainfall in one of 1077 
Hawai’i’s most dominant tree species, Metrosideros polymorpha (Tsujii et al. 2016).  1078 
Variation in climate across a species range may also affect behavioural traits. For example, 1079 
individuals may respond to sub-optimal temperatures or precipitation by behavioural 1080 
thermoregulation, reducing energetically costly dispersal behaviours such as exploration and 1081 
risk-taking or philopatry to stable water resources in arid environments (Abrams et al. 2017; 1082 
Brown et al. 2011; Dupoué et al. 2017; Moiroux et al. 2015). Furthermore, temperature and 1083 
rainfall may influence dispersal-related behaviours by constraining the available habitat and 1084 
thus, influencing an individual’s ability to disperse out of their home range (Cruz-Piedrahita 1085 
et al. 2017). For example, in dry regions where rainfall is infrequent and the majority of the 1086 
landscape is arid, dispersal-enhancing traits such as exploration, risk-taking and seeking 1087 
novelty may be selected against and philopatry to known water and food resources may be 1088 
favoured (Astrom and Part 2013). In contrast, in areas where rainfall is high and aseasonal, 1089 
dispersal-enhancing behavioural traits may be favoured as the risks of dessication with 1090 
dispersal are low and dispersing individuals may benefit from monopolisation of new 1091 
resource patches (Brown et al. 2013).  1092 
Amphibians are acutely sensitive to the temperature and humidity of their local climate 1093 
because of the challenges they face maintaining optimal body temperatures and water balance 1094 
with their permeable skin, and because they rely on water bodies for survival and 1095 
reproduction (Brown et al. 2011; Wells 2010). Furthermore, environmental factors such as 1096 
temperature, moisture and water quality can substantially modify developmental trajectories 1097 
of anuran amphibians (Ducatez et al. 2016; Indermaur et al. 2010). Several anuran species 1098 
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exhibit behavioural adaptations to climate, particularly in response to arid conditions. For 1099 
example, specialised behaviours, thought to include the ability to sense water, allowing 1100 
individuals to seek out and remain within close proximity to humid refugia, are common in 1101 
many anuran species (Navas et al. 2002). Cane toads from the seasonally arid areas of their 1102 
Australian invasion range exhibit behavioural plasticity in response to climatic conditions; 1103 
exhibiting higher philopatry to water sources in dry versus wet conditions (Brown et al. 2011; 1104 
Florance et al. 2011). Models developed to predict the future expansion of the cane toad’s 1105 
Australian invasion range predict that climate is a key limitation to range expansion through 1106 
its restrictive effect on movement behaviour in cooler southern areas and the availability of 1107 
water for breeding in arid regions (Kearney et al. 2008). There is also evidence of a link 1108 
between climate and divergence in behavioural traits across the invasion range; toads from 1109 
the arid range-edge maintain higher locomotor performance under desiccating conditions than 1110 
do conspecifics from the wetter range-core (Tingley et al. 2012). Hence, the geographic 1111 
divergence of dispersal-related behaviours such as exploration, risk-taking and neophilia 1112 
evident in cane toads across their Australian invasion range (Gruber et al. 2017a) may be 1113 
driven by responses to the profoundly different climates experienced by individuals 1114 
inhabiting the range-edge versus the range-core. However, the cane toad’s Australian 1115 
invasion range is still expanding hence, it is difficult to distinguish between the effects of 1116 
climate versus range expansion on divergence in behavioural traits in these populations. To 1117 
disentangle the effects of range expansion and climate on behavioural divergence in cane 1118 
toads, we need an invasive population that occurs across geographically divergent climates, 1119 
but that has not undergone a period of extended range expansion.  1120 
In Hawai’i, cane toads were distributed to all sugarcane-growing areas on the main islands 1121 
within a brief period (> 100,000 individuals released from 1933 to 1934; Pemberton 1949). 1122 
Subsequent dispersal has been minimal, mainly due to the extremely arid and inhospitable 1123 
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volcanic regions that separate the wet and dry-sides of the Hawai’ian islands (Lever 2001; 1124 
Turvey 2009; Ward-Fear et al. 2016). In contrast, cane toads were introduced (from Hawai’i) 1125 
to Australia at about the same time (1935) but in only one area (along the northeast coast), 1126 
and have since spread out > 3,000 km to the west (Urban et al. 2007). Like Australia, the 1127 
Hawai’ian islands exhibit profound spatial heterogeneity in climate; but in Hawai’i, that 1128 
heterogeneity involves the contrast between a wet (leeward) and dry (windward) side on each 1129 
island (Sanderson 1993). Here, we used standardised laboratory-based behavioural assays to 1130 
test dispersal-related behaviour of toads from wet and dry areas on two Hawai’ian islands, 1131 
allowing us to investigate if behavioural divergence is driven by climate in this species.  1132 
The Hawai’ian landscape is rugged with porous volcanic soil. Rainfall differs between the 1133 
eastern windward (wet) and western leeward (dry) sides of the Hawai’ian islands; wet-sides 1134 
have high levels of aseasonal rainfall, whilst rain-shadows lead to extreme aridity on the dry-1135 
sides of each island (Sanderson 1993; Ward-Fear et al. 2016).  Cane toads that inhabit the dry 1136 
side of each island are mostly confined to anthropogenically-created oases within an 1137 
otherwise arid and hostile landscape.  In contrast, on the wet-side of each island where 1138 
rainfall is frequent, the landscape is more homogenous and there is ground moisture and 1139 
vegetation cover, enabling toads to disperse more freely (Sanderson 1993; Ward-Fear et al. 1140 
2016). Hence, toads on the dry-side of each island may be no more water-stressed than are 1141 
conspecifics in wet areas (as they inhabit well-watered areas such as parks and gardens), but 1142 
dry-side toads may be restricted in their dispersal due to the lack of rainfall and the arid 1143 
matrix. The distribution of cane toads across wet versus dry landscapes across the Hawai’ian 1144 
islands supports this prediction as toads tend to be widely dispersed across the wet-sides of 1145 
each island, while they are found only at well-watered parks and golf-courses on the dry-1146 
sides (Ward-Fear et al. 2016). 1147 
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Climatic conditions such as precipitation and their effect on landscape matrix permeability 1148 
can have profound effects on movement and dispersal behaviour (Astrom and Part 2013). For 1149 
example, dispersal-enhancing behavioural traits may be selected against in individuals 1150 
inhabiting a small habitat patch that provides resources such as food, water and shelter in a 1151 
low rainfall area, within an otherwise arid matrix (Zug and Zug 1979). This is because the 1152 
costs of dispersal into a harsh and barren environment outweighs the benefits of dispersal 1153 
from the home range (such as decreased competition and access to new resource patches) 1154 
(Evans et al. 2017). Behavioural traits that enhance exploration and dispersal out of the home 1155 
range may be particularly costly for cane toads inhabiting the dry-sides of each Hawai’ian 1156 
island because in the surrounding matrix food is scarce and standing water-bodies for 1157 
breeding and rehydration are rare (Ward-Fear et al. 2016). 1158 
Hence, we predict that toads inhabiting the dry-sides of each island will exhibit low levels of 1159 
exploration, risk-taking and neophilic behavioural traits due to the concentration of essential 1160 
resources and the costs associated with dispersal into the arid matrix surrounding their 1161 
human-created oases. Also, we predict that toads on the wet-sides of each island will exhibit 1162 
high levels of exploration, risk-taking and neophilic behavioural traits as the high and 1163 
aseasonal rainfall (and hence, more continuous habitat permeability) allows dispersal across 1164 
the landscape, providing benefits such as access to new resource patches.  1165 
 1166 
 1167 
 1168 
 1169 
 1170 
 1171 
 1172 
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Table 1: Examples of variation in dispersal-enhancing behavioural traits among invasion-1173 
front and long-colonised populations across an invasion range. 1174 
 1175 
 1176 
 1177 
Behavioural Traits  Species Pattern of Divergence Reference 
Boldness 
(emergence/risk-
taking) 
Exploration 
Round Goby 
(Neogobius 
melanostomus) 
Individuals from the range 
edge emerged sooner and 
moved further and faster 
than did conspecifics from 
long-established 
populations 
Groen et al. (2012) 
Myles-Gonzalez et al. 
(2015) 
 
Boldness 
Sociality 
Mosquitofish 
(Gambusia affinis) 
Bolder and less social 
individuals drive dispersal 
and range expansion 
Cote et al. (2010a) 
Aggression Western Bluebird 
(Sialia Mexicana) 
Males from invasion-front 
populations were more 
aggressive than were 
conspecific males from 
long-established 
populations 
Duckworth and 
Badyaev (2007) 
Exploration Dark-eyed Junco 
(Junco hyemalis) 
Individuals that recently 
invaded novel urban 
habitats were more 
exploratory than were 
conspecifics from 
wildland populations 
Atwell et al. (2012) 
Neophilia 
Exploration 
House sparrow 
(Passer domesticus) 
Invasion-front individuals 
were more exploratory 
and likely to eat novel 
foods than were 
conspecifics from core 
populations 
Liebl and Martin 
(2012, 2014) 
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Materials and Methods 1178 
 1179 
Study Animals and Maintenance 1180 
In 2015, we collected 60 male and 60 female cane toads (Rhinella marina) at night and by 1181 
hand from four populations (30 toads/population): the wet (leeward) side and the dry 1182 
(windward) side of Oahu, and the wet (leeward) side and dry (windward) side of Hawai’i 1183 
(henceforth referred to as the Big Island, to avoid confusion). Mean annual rainfall averages 1184 
are between 3,550 – 7,850 mm at the “wet” sites both on Oahu and the Big Island, and 1185 
between 204 and 2,750 mm in the “dry” sites of both islands (average rainfall for the 30-year 1186 
period, 1978-2007 - Giambelluca et al. 2013). Fifteen toads of each sex were collected from 1187 
each of four sample populations (Oahu dry-side, Oahu wet-side, Big Island dry-side, Big 1188 
Island wet-side) and toads were collected from three sub-sample sites within each population.  1189 
Toads > 90 mm snout-urostyle length [SUL]) were classified as adults and their sex was 1190 
determined by the absence of nuptial pads on the fore-limbs and lack of a ‘release call’ when 1191 
held (only males have nuptial pads and are able to make release calls in this species: 1192 
Bowcock, Brown & Shine, 2008). Toads were weighed to the nearest 0.1 g on a digital scale, 1193 
and measured (SUL) to the nearest 0.01 mm using digital calipers. They were transported in 1194 
moist calico bags to an animal-holding facility near the town of Hilo on the Big Island, where 1195 
they were immediately released into their housing tubs and provided with water.  1196 
Toads were housed in 70 L plastic tubs (measuring 645 mm x 413 mm x 397 mm) in groups 1197 
of three to four individuals per tub. Each tub had a substrate of wood-chip bedding and 1198 
contained two opaque plastic shelters, and a large shallow water dish. Toads were fed store-1199 
bought crickets (Gryllus bimaculatus) or mealworms (Tenebrio molitor) every two days and 1200 
water was provided ad libitum. Because adult toads are most active at night (Lever 2001), 1201 
room lights were activated from 03:30 – 15:30 h each day, to allow behavioural trials to be 1202 
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carried out in the dark phase between 1530 and 2200 h. Toads showed no signs of stress or 1203 
illness and ate well, either maintaining or gaining weight during their time in captivity. 1204 
General Methods  1205 
Each toad was tested in three different behavioural trials: (1) Exploration, (2) Risk-taking 1206 
(emergence from a shelter into the test arena), and (3) Neophilia (response to a novel 1207 
stimulus). Trials ran for 30 minutes and four trials with one toad per trial arena were 1208 
conducted simultaneously in each trial round. It took five trial rounds (of four toads running 1209 
simultaneously) to run 20 toads in one day, and six days to run all animals through each trial 1210 
type. Toads were randomly selected from each population and sex group, with the proviso 1211 
that an equal number of toads from each population and each sex were represented in each 1212 
trial round (e.g., in any one round, an equal number of randomly selected males and females 1213 
from the wet and dry Oahu or wet and dry Big Island were represented). Each toad had two 1214 
days of rest between trial types (while the other sets of 20 toads were assayed). Toads from 1215 
the two islands (Oahu and the Big Island) were assayed consecutively rather than 1216 
simultaneously due to logistical and space constraints.  1217 
Trial arenas were large (120 x 120 x 83 cm) hexagonal pens made from waterproof fabric 1218 
with an open top to allow filming from above (Figure 1). All trials were filmed using CCTV 1219 
cameras under low-level red light and we scored videos using Ethovision XT10 behavioural 1220 
analysis software (ensuring that blind methods were used to score the videos). Researchers 1221 
left the room at the start of trials to minimize interference. The PVC substrates (and shelters, 1222 
etc.) of each arena were wiped down with diluted ethanol before each trial to eliminate scent 1223 
from previous trials. We measured the arena substrate temperature before each trial (mean: 1224 
28±2 SE ⁰C). At the start of a trial, toads were placed under shelters for five minutes before 1225 
the refuge was removed. During “neophilia” trials, toads were presented with a novel object 1226 
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(a blue and red silicone squid-mimic fishing lure that moved in a bobbing motion every 2 s) 1227 
inside a clear plastic container. Because toads may have approached and settled next to the 1228 
container to seek a hiding place (rather than out of interest in the novel object), we included 1229 
an empty container in all trials to disambiguate hiding behaviour from interest in novel object 1230 
(for consistency in the layout of the arena, empty containers were also included in exploration 1231 
and emergence trials; Figure 1). 1232 
Behavioural Trial Protocols  1233 
Exploratory Trial - To test exploration and space-use in a novel environment (Cote et al. 1234 
2010b; Fraser et al. 2001; Wilson et al. 1993), we measured time spent moving and rate of 1235 
movement (Milot, Bégout and Chatain, 2009; Adriaenssens & Johnsson 2010). Toads were 1236 
given five minutes’ rest under a shelter before the shelter was removed and trials began. An 1237 
empty container and a shelter were placed at one end of the arena (Figure 1). The shelter gave 1238 
toads the option to hide during the trial, allowing us to distinguish bold exploratory behaviour 1239 
from fear-driven escape behaviour (see Realé et al. 2007).  1240 
Emergence Trial - To score risk-taking behaviour, we recorded whether or not a toad 1241 
emerged from its shelter, and latency to emerge (s). Two empty containers were placed at the 1242 
opposite end of the arena to the shelter (Figure 1). The entrance to the shelter was initially 1243 
covered, and toads were given five minutes’ rest under the shelter before the entrance cover 1244 
was removed and trials began. A shorter latency to emerge from the shelter indicates higher 1245 
risk-taking propensity in animals generally (Brodin et al. 2013; Cote et al. 2010b; Yoshida et 1246 
al. 2005). We defined emergence into a novel environment from a safe shelter as a measure 1247 
of risk-taking, whereas exploration behaviour is defined as space-use in a novel environment 1248 
(Verbeek et al. 1994; Wilson et al. 1993). 1249 
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Novel Object Trial - To test an individual’s attraction or aversion to a moving novel object, 1250 
we added a red and blue silicone fishing lure (20 x 10mm, mimicking a squid) driven by a 1251 
small motor to move up and down in a fixed position every 2 s (Figure 1). The novel object 1252 
was inside a container to prevent the toad from consuming the plastic lure. Toads were given 1253 
five minutes’ rest under a shelter, which was placed at the opposite end of the arena to the 1254 
novel object, before the shelter was removed and trials began. We measured whether or not 1255 
the toad approached the novel object, the latency to approach the novel object, and the time 1256 
the toad spent within 2 cm of the novel object. 1257 
Statistical Analysis 1258 
We used general linear models to analyse the effects of island (Oahu-Big Island), climate 1259 
(wet-dry) and their interaction on behavioural traits. The potentially confounding factors sex, 1260 
mass (g), arena and trial number were included as main effects in all models. We ran separate 1261 
models for all behavioural traits. Prior to building our final model, we ran investigatory 1262 
models comparing the three sub-populations within each main population (Oahu dry, Oahu 1263 
wet, Big Island dry, Big Island wet) to test if there was significant variation in behavioural 1264 
traits. We found that sub-populations did not significantly differ in any behavioural traits 1265 
within each main population, thus we grouped sub-populations together to increase the power 1266 
of our final models. We used Tukey’s post hoc tests to run pairwise comparisons to interpret 1267 
the nature of trait variation as appropriate. We also used Spearman’s ρ correlation analysis to 1268 
examine pairwise correlations between behavioural traits from different trial types. All data 1269 
were checked for normality and homoscedasticity and log-transformed to meet these 1270 
assumptions as required. All data were analysed using the “car” package (Fox and Weisberg 1271 
2011) in R (R Core Team, 2017). We used generalised linear models (‘glm’ function in R) 1272 
with a binomial logit link function to compare whether or not toads emerged during risk-1273 
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taking trials and whether toads approached within 2cm of the novel object during neophilia 1274 
trials.  1275 
The behavioural traits measured for each trial type were: 1.) total time spent moving, and rate 1276 
of movement (as quantified by the residual scores from a general linear regression of total 1277 
distance moved against total time spent moving; exploratory trials); 2.) emergence (binomial, 1278 
whether or not individuals emerged during trials) and latency to emerge (emergence trials); 1279 
and 3.) whether or not toads approached to within 2 cm of the novel object (binomial), 1280 
latency to approach and time spent within 2 cm of the novel object novel object trials).  1281 
 1282 
 1283 
a)                                                       b)                                                         c) 1284 
 1285 
 1286 
 1287 
Figure 1: Layout of arenas for trials testing for divergence in dispersal-related behaviours in 1288 
Hawai’ian cane toads: a) exploratory trial – arena with an empty container and accessible 1289 
shelter opposite the start point of the toad (depicted by a circle) b) risk-taking (emergence) 1290 
trial – arena with a toad inside the start shelter and two empty containers opposite the toad 1291 
start point c) novel object trial - arena with a toad in the starting position and two containers 1292 
at the opposite end of the arena; one container is empty and the other contains a moving 1293 
novel object.  1294 
 1295 
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Results 1296 
 1297 
Toads from Oahu spent more time moving during exploration trials than did conspecifics 1298 
from the Big Island (Table 2, Figure 2a). We found no interaction effect between island and 1299 
climate, nor an effect of any other factors on the time toads spent moving during exploration 1300 
trials (Table 2). Similarly, there was no effect of an interaction between island and climate, 1301 
island and climate alone, nor sex, mass or trial number on the rate of toad movement (Table 1302 
2). There was an effect of arena on movement rate; toads trialed in arena number one had a 1303 
higher rate of movement than did toads in any of the other three arenas (Table 2). However, 1304 
this significant effect occurred only for this behavioural measure. 1305 
We found an interaction effect of island and climate on the latency of toads to emerge from 1306 
the shelter during risk-taking trials; toads from the dry side of the Big Island took 1307 
significantly longer to emerge than did toads from the dry side of Oahu (Table 2, Figure 2b). 1308 
During risk-taking trials, similar proportions of Oahu and Big Island toads from both wet and 1309 
dry climates emerged and had similar emergence latencies (Table 2). Toads from each island 1310 
and climate type also responded in a similar way to the novel object during neophilia trials 1311 
(Table 2). Other factors such as sex, mass, arena and trial number had no significant effect on 1312 
any behavioural traits during risk-taking or neophilia trials (Table 2). Spearman’s ρ 1313 
correlation analysis showed that only two of the six pairwise correlations of behavioural 1314 
variables measured from different trial types (exploration, risk-taking and neophilia) were 1315 
significant, revealing that the variables measured across different trial types were largely 1316 
describing different components of behaviour (Table 3). The two significant correlations 1317 
were between time spent moving in the exploration trial and time spent with the novel object 1318 
during the neophilia trial, and between time spent moving and rate of movement (both 1319 
measured during the exploration trial), which was expected as rate of movement was 1320 
47 
 
calculated using residuals from a regression of time spent moving and distance moved (Table 1321 
3).   1322 
 1323 
 1324 
Table 2: Effects of island (Oahu versus Big Island), climate (wet versus dry), their 1325 
interaction (island*climate) and the potentially confounding factors mass, sex, arena and trial 1326 
number on behavioural traits during exploration (time spent moving, rate of movement), risk-1327 
taking (proportion to emerge and latency to emerge), and neophilia (proportion to approach 1328 
novel object and time spent with novel object) trials. Results for main effects are based on 1329 
analyses after exclusion of non-significant interaction terms. Statistically significant values (P 1330 
= < 0.05) are highlighted in bold text. 1331 
 1332 
 1333 
 1334 
 1335 
 1336 
Behavioural 
trial 
Variable Island Climate Island*Climate Sex Mass (g) Arena # Trial # 
Exploration 
Time spent 
moving (s) 
F1,117 = 10.08 
P = 0.002 
F1,117 = 2.66 
P = 0.11 
F1,117 = 0.0001 
P = 0.99 
F1,117 = 0.13 
P = 0.71 
F1,117 = 1.99 
P = 0.16 
F1,117 = 2.38 
P = 0.13 
F1,117 = 2.69 
P = 0.10 
Movement 
rate 
F1,117 = 1.33 
P = 0.25 
F1,117 = 0.22 
P = 0.64 
F1,117 = 0.03 
P = 0.87 
F1,117 = 0.54 
P = 0.46 
F1,117 = 1.31 
P = 0.25 
F1,117 = 8.59 
P = 0.004 
F1,117 = 0.0009 
P = 0.98 
Risk-taking 
Proportion to 
emerge 
χ2 = 0.02 
 P = 0.90 
χ2 = 2.67 
 P = 0.10 
χ2 = 2.14 
 P = 0.14 
χ2 = 3.57 
 P = 0.06 
χ2 = 0.12 
 P = 0.72 
χ2 = 2.01 
 P = 0.16 
χ2 = 0.29 
 P = 0.59 
Emergence 
latency (s) 
F1,117 = 3.70 
P = 0.06 
F1,117 = 0.64 
P = 0.43 
F1,117 = 6.11 
P = 0.02 
F1,117 = 0.04 
P = 0.84 
F1,117 = 2.42 
P = 0.12 
F1,117 = 0.008 
P = 0.93 
F1,117 = 3.16 
P = 0.08 
Neophilia 
Proportion to 
approach 
novel object 
χ2 = 0.005 
 P = 0.94 
χ2 = 0.02 
 P = 0.87 
χ2 = 0.006 
 P = 0.94 
χ2 = 0.64 
 P = 0.42 
χ2 = 0.21 
 P = 0.65 
χ2 = 0.20 
 P = 0.65 
χ2 = 2.11 
 P = 0.15 
Time spent 
with novel 
object (s) 
F1,117 = 0.74 
P = 0.39 
F1,117 = 
0.003 
P = 0.96 
F1,117 = 2.20 
P = 0.14 
F1,117 = 2.53 
P = 0.11 
F1,117 = 1.14 
P = 0.29 
F1,117 = 0.26 
P = 0.61 
F1,117 = 1.20 
P = 0.28 
48 
 
a)                                                                                            b) 1337 
 1338 
Figure 2: a) time spent moving (s) during exploration trials and b) latency to emerge (s) 1339 
during risk-taking (emergence) trials testing behavioural divergence of these traits in cane 1340 
toads from wet and dry-climate populations of Oahu and the Big Island, Hawai’i. 1341 
 1342 
Table 3: Spearman’s ρ pairwise comparisons between behavioural variables measured across 1343 
different trial types testing for divergence in exploration, risk-taking and neophilic behaviours 1344 
in cane toads (Rhinella marina) from wet versus dry climates on Oahu and the Big Island, 1345 
Hawai’i. Statistically significant values (P = < 0.05) are highlighted in bold text. 1346 
 1347 
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Time spent moving, Movement rate 0.22 0.02 
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-0.16 0.08 
Latency to emerge, Movement rate  0.08 0.38 
Time spent moving, Time spent with novel object 0.29 0.002 
Latency to emerge, Time spent with novel object 0.11 0.25 
Time spent with novel object, Movement rate -0.02 0.80 
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Discussion               1348 
We found that the brief period of separation (slightly more than 80 years) of the four 1349 
populations of cane toads that we sampled has been accompanied by divergence in 1350 
behavioural traits. In our trials, toads from the dry-side of Oahu were bolder; that is, they 1351 
were quicker to emerge from a shelter than were conspecifics from the dry-side of the Big 1352 
Island. Toads from both wet and dry sides of Oahu were also more exploratory (spent more 1353 
time moving in a novel environment) than were conspecifics from the Big Island. Contrary to 1354 
our prediction, behavioural traits of cane toads did not differ between populations from wet 1355 
versus dry climates.  1356 
Why didn’t behaviour differ between toads from wet versus dry climates? There is a marked 1357 
disparity in hydric regimes between the wet (windward) and dry (leeward) sides of each 1358 
island (Sanderson 1993; Osborn 2016). For example, mean annual rainfall averages are 1359 
between 3,550 – 7,850 mm at the ‘wet’ sites both on Oahu and the Big Island, and between 1360 
204 - 2,750 mm on the ‘dry’ sites of both islands (Giambelluca et al. 2013). Frequent rainfall 1361 
on the wet sides of both islands may allow toads to disperse through the landscape between 1362 
favourable habitat patches, whereas such dispersal is unlikely on the dry-side of each island 1363 
(Ward-Fear et al. 2016). Hence, we predicted that behavioural divergence among populations 1364 
would reflect this striking dichotomy in hydric regimes, not through physiological water-1365 
stress per se (as dry-side toads often inhabit well-watered human-created landscapes) but 1366 
because the hydric environment restricts toad movement and dispersal on the dry sides of the 1367 
islands.  1368 
The hypothesis that toad behaviour evolves in response to hydric regimes predicts that toads 1369 
from the leeward side of each island should be more similar to each other than they are to 1370 
toads from windward sites on the same island (and vice versa). Our data did not support this 1371 
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hypothesis. First, the behavioural divergence we saw in Hawai’ian toads was in exploration 1372 
behaviour between islands and in risk-taking behaviour between the dry sides of each island, 1373 
not between ‘wet’ and ‘dry’ habitats (Figure 2). Clearly, then, effects or adaptations related to 1374 
water availability cannot explain the behavioural divergence that has accumulated in invasive 1375 
populations of cane toads over the last 80 years.  1376 
The lack of significant climate effects on behavioural traits may be due to similarities in the 1377 
local environment in the areas toads inhabit on the wet and dry sides of each island. Cane 1378 
toads in Hawai’i mostly inhabit well-watered anthropogenically-created landscapes such as 1379 
parks and golf courses, hence toads from both wet and dry climates experience similar local 1380 
hydric regimes (Ward-Fear et al. 2016). We predicted that toads on the dry side of the islands 1381 
would be less exploratory, risk-taking and neophilic because of the costs of dispersal and 1382 
movement restrictions enforced by the arid landscape surrounding these human-tended home 1383 
ranges. However, it may be that toads from both wet and dry environments do not need to 1384 
venture beyond their human-created oases in order to access resources such as food, mates 1385 
and shelter, leading to similar behavioural traits in both locations. 1386 
Although we found no effect of wet versus dry climates on toad behaviour, we did find a 1387 
difference in exploration behaviour between the two islands. Toads from Oahu spent more 1388 
time moving than did Big Island conspecifics. Furthermore, there was variation in risk-taking 1389 
behaviour between toads from the dry-sides of each island; Oahu toads were quicker to 1390 
emerge from a shelter than were Big Island toads. The dry-side of Oahu has a higher average 1391 
annual rainfall compared to the dry-side of the Big Island, while average annual rainfall on 1392 
the wet-side of Oahu is lower than on the wet-side of the Big Island (dry-side average annual 1393 
rainfall: Oahu 499 mm, Big Island 234 mm; wet-side average annual rainfall: Oahu 2473 1394 
mm, Big Island 3500 mm; Giambelluca et al. 2013). The higher rainfall on the dry-side of 1395 
Oahu may lead to higher risk-taking traits as it provides more windows of opportunity for 1396 
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toads to explore beyond their home ranges, compared to those of toads inhabiting lower 1397 
rainfall areas on the dry-side of the Big Island. However, it seems unlikely that variation in 1398 
climate is driving behavioural divergence as we did not find significant behavioural 1399 
differences between populations with the most acute opposites of climate that is, populations 1400 
from the wet versus the dry sides of each island. The most parsimonious explanation for 1401 
between island differences in behaviour may be genetic drift. That explanation, however, is 1402 
weakened by the fact that founding populations at each site contained large numbers of 1403 
individuals (reducing stochastic effects on allele frequencies: Lockwood, Cassey & 1404 
Blackburn, 2005) and the putative lack of gene flow between populations on the ‘wet’ and 1405 
‘dry’ sides of each island. If divergence was due to genetic drift, we would not expect parallel 1406 
evolution in the two isolated sides of each island. All we can suggest is that some as-yet-1407 
undocumented ecological difference between Oahu and the Big Island (such as prey 1408 
availability, habitat complexity or predation pressure) has generated differences in toad 1409 
behaviour, either as an adaptation or as a phenotypically plastic response.  1410 
Alternatively, the geographic divergence in exploration behaviour between cane toads from 1411 
Oahu versus the Big Island and risk-taking behaviour between cane toads from the dry-sides 1412 
of each island might be genetically based, despite the short time-frame of their isolation. Over 1413 
the same period, and despite a continuous distribution, cane toad populations across tropical 1414 
Australia exhibit marked divergence in a range of phenotypic traits; and many of the same 1415 
divergences are seen in offspring raised in “common garden” experiments (Brown et al. 1416 
2014; Brown et al. 2015; Phillips 2009; Gruber et al. 2017b). Cane toads are, therefore, 1417 
potentially capable of evolving heritable differences within the timespan for which 1418 
populations in the two Hawai’ian islands have been isolated.  1419 
Further research could usefully explore the ecological context of cane toad ontogeny at a 1420 
range of Hawai’ian sites, to clarify the as-yet-unexplained pattern of consistency in some 1421 
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behavioural traits within but not between islands. It would also be informative to compare 1422 
factors that may affect behaviour such as resource availability, population densities and 1423 
competition between wet and dry sites. Furthermore, it would be of great interest to study the 1424 
mechanistic basis for inter-island divergence in exploration and risk-taking traits, by raising 1425 
offspring in common garden experiments (as has been done for Australian populations: 1426 
Gruber et al. 2017b; Phillips 2009; Hudson et al. 2016). Even without answering these further 1427 
questions, however, our data show that 80 years of genetic isolation has been accompanied by 1428 
significant divergence of exploration and risk-taking behavioral traits between, but not 1429 
within, the two Hawai’ian islands that we studied. Our results reinforce the ability of invasive 1430 
populations to diverge rapidly, even in the absence of evolutionary pressures associated with 1431 
prolonged range expansion.  1432 
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Chapter 3. 1634 
Is the behavioural divergence between range-core and 1635 
range-edge populations of cane toads (Rhinella marina) 1636 
due to evolutionary change or developmental plasticity? 1637 
Published in Royal Society Open Science - Gruber J, Brown G, Whiting MJ, Shine R. 2017 1638 
Is the behavioural divergence between range-core and range-edge populations of cane toads 1639 
(Rhinella marina) due to evolutionary change or developmental plasticity? Royal Society 1640 
Open Science. 4: 170789. http://dx.doi.org/10.1098/rsos.170789. 1641 
Abstract 1642 
Individuals at the leading edge of expanding biological invasions often show distinctive 1643 
phenotypic traits, in ways that enhance their ability to disperse rapidly and to function 1644 
effectively in novel environments. Cane toads (Rhinella marina) at the invasion front in 1645 
Australia exhibit shifts in morphology, physiology and behaviour (directionality of dispersal, 1646 
boldness, risk-taking). We took a common-garden approach, raising toads from range-core 1647 
and range-edge populations in captivity, to see if the behavioural divergences observed in 1648 
wild-caught toads are also evident in common-garden offspring.  Captive-raised toads from 1649 
the invasion vanguard population were more exploratory and bolder (more prone to “risky” 1650 
behaviours) than were toads from the range core, which suggests that these are evolved, 1651 
genetic traits. Our study highlights the importance of behaviour as being potentially adaptive 1652 
in invasive populations and adds these behavioural traits to the increasing list of phenotypic 1653 
traits that have evolved rapidly during the toads’ 80-year spread through tropical Australia. 1654 
Keywords: adaptation, Bufo marinus, evolution, spatial sorting 1655 
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Introduction 1656 
Biological invasions impose novel ecological and evolutionary pressures. Individuals at the 1657 
expanding range edge experience different demographic, physiological and environmental 1658 
pressures than those faced by conspecifics from the range core, often leading to phenotypic 1659 
divergence across the invasion range (Chuang and Peterson 2016). For example, vanguard 1660 
individuals often have distinctive phenotypes associated with faster dispersal such as larger 1661 
size (Cote et al. 2010b; Kelehear et al. 2012; Laparie et al. 2013), longer legs (Phillips et al. 1662 
2006) and increased investment in dispersal appendages and diaspore mass in plant seeds 1663 
(Matlack 1987; Monty and Mahy 2010; Murray and Phillips 2010). More generally, 1664 
successful invaders exhibit a suite of physiological, life-history, morphological and 1665 
behavioural traits that enhance dispersal rates and facilitate functioning in novel 1666 
environments (known as an "Invasion Syndrome"; Wolf and Weissing 2012; Carere and 1667 
Gherardi 2013). Behavioural traits may play an especially critical role (both as direct 1668 
facilitators of dispersal rate, and via their influence on selection pressures on other traits), and 1669 
yet are often overlooked as factors contributing to invasion success (Chapple et al. 2012; 1670 
Carere and Gherardi 2013). 1671 
A propensity to explore, take risks and engage with novel environments (neophilia) is likely 1672 
to promote range expansion by stimulating dispersal (Fraser et al. 2001; Dingemanse et al. 1673 
2007), and these traits also enhance an individual’s ability to find water, food, shelter and 1674 
mates in novel environments (Cote et al. 2010a; Chapple et al. 2012; Cole and Quinn 2012). 1675 
In keeping with these predictions, behavioural traits have been linked to range expansion and 1676 
invasion success in several species. For example, range-edge individuals are more 1677 
exploratory and bolder (more willing to take risks) than are conspecifics from range-core 1678 
populations of the Round Goby (Neogobius melanostomus) (Myles-Gonzalez et al. 2015), 1679 
Dark-eyed Junco (Junco hyemalis) (Atwell et al. 2012; Atwell et al. 2014), Common Frog 1680 
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(Rana temporaria) (Brodin et al. 2013) and House Sparrow (Passer domesticus) (Liebl and 1681 
Martin 2012). Invasive house sparrows from range-edge populations are also more neophilic 1682 
than are conspecifics from range-core populations (Martin and Fitzgerald 2005; Liebl and 1683 
Martin 2014). Individuals from range-edge populations also may be more aggressive 1684 
(Duckworth and Badyaev 2007; Duckworth 2008) and less social (Cote et al. 2010b; Cote et 1685 
al. 2011) compared with those from range-core populations.  1686 
Despite the growing body of evidence for distinctive behavioural phenotypes at range edges, 1687 
the causation for this pattern is ambiguous (Chuang and Peterson 2016). The two broad 1688 
categories of explanation involve (a) behavioural plasticity, induced by the novel 1689 
environments experienced at the range-edge; and (b) the rapid elaboration of heritable traits 1690 
driven by the unique evolutionary pressures imposed by an invasion.  1691 
Many behavioural phenotypes are highly labile, enabling organisms to plastically respond to 1692 
changes in their physiological, climatic or social environments (Foster 2013). Thus, range-1693 
edge individuals may shift their behaviour in response to the novel environmental pressures 1694 
they encounter at the expanding range edge (Dall et al. 2004; Sih et al. 2004). An ability to 1695 
rapidly shift behaviour in response to novelty may enhance an individual’s ability to exploit 1696 
new ecological niches, habitats or prey items at the range edge (Wright et al. 2010). Indeed, 1697 
innovation has been linked to invasion success in several species (Sol et al. 2002b) including 1698 
the black rat (Rattus rattus) (Aisner and Terkel 1992) and bird species worldwide (Sol et al. 1699 
2002a; Sol et al. 2005). In summary, range-edge individuals may exhibit specific behavioural 1700 
attributes because those attributes are induced by the novel (range-edge) conditions that an 1701 
individual experiences during their life. 1702 
Alternatively, the distinctive behaviour of invasion-front animals may reflect rapid 1703 
evolutionary change. Behavioural traits are affected by genes (Bouchard Jr and Loehlin 2001) 1704 
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and traits such as exploration and boldness (Drent et al. 2003; Dingemanse et al. 2004; van 1705 
Oers et al. 2004) and aggression (Bell 2005) are heritable in some species (reviewed in van 1706 
Oers et al. 2005; Dochtermann et al. 2015). Variation in behavioural phenotypes between 1707 
range-core versus range-edge populations is likely to have both ecological and evolutionary 1708 
consequences through influences on life-history, physiological, and morphological, traits and 1709 
hence, be a target for selection (Dall et al. 2004). For example, dispersing individuals at the 1710 
range edge may benefit from reduced competition for resources, a lack of pathogens and 1711 
parasites, access to the best habitat and a lower risk of predation (Brown et al. 2013; Perkins 1712 
et al. 2013). However, there are also potential costs associated with rapid dispersal, such as 1713 
the energetic costs of activity, increased risk of injury and a decrease in opportunities to 1714 
reproduce due to low densities at the range edge (Bonte et al. 2012). Hence, the benefits of 1715 
dispersal must outweigh the costs for dispersal-enhancing behavioural traits to be adaptive. 1716 
Importantly, though, personality-dependent dispersal may evolve even in the absence of 1717 
natural selection. Bold and neophilic individuals are likely to be the first to disperse out of the 1718 
range core, where they interbreed. At least some of their progeny inherit dispersal-enhancing 1719 
traits from both parents, leading to a progressive increase across generations in the dispersal 1720 
rates of individuals at the range-edge (dubbed “spatial sorting” by Shine et al. 2011).  These 1721 
proximate mechanisms (phenotypic plasticity, adaptation, spatial sorting) are not mutually 1722 
exclusive; for example, an invasion might favour the evolution of specific reaction norms. 1723 
In order to investigate the causal factors driving behavioural divergence across a biological 1724 
invasion, the first step is to disentangle plastic responses to novel environments from 1725 
heritable shifts in behaviour. To do this, we need to measure behavioural traits not only of 1726 
wild-caught individuals, but also of individuals raised in standardised (common-garden) 1727 
conditions. In the current study, we gathered these two types of data on the cane toad 1728 
(Rhinella marina Linnaeus 1758) and its ongoing invasion across Australia.  1729 
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The cane toad’s current invasion range extends from wet tropical Queensland in the north-1730 
east to the seasonally dry monsoonal climate of north-western Western Australia (Trumbo et 1731 
al. 2016). Hence, toads from the range-front versus the range-edge experience very different 1732 
thermal and hydric regimes; environmental factors which can have strong effects on the 1733 
development of amphibians (Kearney et al. 2008; Indermaur et al. 2010; Ducatez et al. 2016). 1734 
Previous research has documented rapid evolution of dispersal-enhancing morphological 1735 
(Hudson et al. 2016b), physiological (Tingley et al. 2012), and life-history traits (Phillips et 1736 
al. 2006; Phillips et al. 2007; Phillips 2009; Brown et al. 2013; Lindström et al. 2013; Hudson 1737 
et al. 2016b) across this invasion range. Many of the same traits are seen in offspring raised 1738 
in “common-garden” experiments, suggesting a heritable component (Phillips 2009; Brown 1739 
et al. 2014; Brown et al. 2015). Invasion-front toads also are more exploratory and willing to 1740 
take risks than are toads from long-colonised populations (Gruber et al. 2017a), but the 1741 
heritability of these latter traits has not been investigated using common-garden methods to 1742 
date. The cane toad’s invasion of Australia provides an ideal model system in which to ask 1743 
our key question: is behavioural divergence across the invasion range due to plastic responses 1744 
to the different climatic, physical and demographic environments experienced by range-front 1745 
versus range-core individuals, or are they due to rapid evolutionary (heritable) changes? To 1746 
answer this question, we conducted standardised laboratory-based behavioural assays to 1747 
quantify exploratory, risk-taking and neophilic behaviour in both wild-caught and captive-1748 
raised cane toads from the range-core and range-edge of their Australian invasion range. 1749 
 1750 
 1751 
 1752 
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Materials and Methods 1753 
Collection of wild-caught toads 1754 
In 2016, we collected 68 adult cane toads (34 male, 34 female), half from a long-colonised 1755 
population (Cairns, Queensland: 17⁰56’S, 145⁰56’E; >76 years post-colonisation (Phillips et 1756 
al. 2007); mean annual rainfall: 1999.7 mm, mean annual maximum temperature: 29.0⁰) and 1757 
half from a range-front population (Oombulgurri, Western Australia: 08’34S,127°52’36E; <3 1758 
years post-colonisation (Ward-Fear et al. 2016); mean annual rainfall: 809.4 mm, mean 1759 
annual maximum temperature: 35.1⁰ for Kununurra; Australian Government Bureau of 1760 
Meteorology [www.bom.gov.au] 2016). Toads were collected from three sub-populations 1761 
within each location, hence the years since colonisation (above) are means for each area. Our 1762 
collection and transportation procedures are described in Gruber et al. (2017). Toads were 1763 
kept at the University of Sydney’s Tropical Ecology Research Facility at Middle Point, 1764 
Northern Territory (12⁰34’S, 131⁰18’E; 11 years post-colonisation; mean annual rainfall: 1765 
1421.7 mm, mean annual maximum temperature: 33.1⁰; Australian Government Bureau of 1766 
Meteorology [www.bom.gov.au] 2016). Upon collection, toads were weighed to the nearest 1767 
0.1 g on a digital scale, and measured (snout-urostyle length [SUL]) to the nearest 0.01 mm) 1768 
using digital callipers.  1769 
Rearing of toads in captivity 1770 
Our common-garden toads were bred in captivity from wild-caught Western Australian and 1771 
Queensland toads (for collection details and breeding protocols see Phillips et al. 2010a; 1772 
Hudson et al. 2016a). All dams and sires were bred only once, hence all F1 individuals from 1773 
each clutch were full-siblings (Hudson et al. 2016a). We used individuals from 13 clutches 1774 
from Western Australian and 16 clutches from Queensland ancestry. At the time of testing, 1775 
these captive-raised toads were approximately 18 months of age, and had been raised for their 1776 
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entire lives under standard conditions at the same site (our Northern Territory research 1777 
station, as described above). All toads were weighed and measured before being housed as 1778 
described below.  1779 
Methods for general husbandry  1780 
At the research station, toads were transferred from their large outdoor pens (see Hudson et 1781 
al. 2016a) to smaller containers (100 L plastic tubs with mesh lids) where they were housed 1782 
in groups of two or three. Each tub had a wood-shaving substrate and contained two shelters 1783 
(each shelter was large enough to hold three toads) and a large shallow water dish. Toads 1784 
were fed live crickets four times per week and were provided with fresh water ad libitum. 1785 
Toads were weighed and measured regularly to monitor their health (average toad snout-1786 
urostyle length 98 mm; average toad mass 120 g). None showed any signs of illness or 1787 
weight loss. Handling of toads was kept to a minimum and to reduce stress toads were 1788 
transferred to and from trial arenas in dark plastic tubs. To minimise stress, toads were left 1789 
undisturbed during non-trial periods.  1790 
Trial methods 1791 
As adult toads are most active at night (Zug and Zug 1979; Lever 2001), we conducted 1792 
behavioural trials between 1830 – 0100 h. Each toad was tested in three different behavioural 1793 
trials: 1. Exploration of a novel arena, 2. Risk-taking (emergence from a shelter into a test 1794 
arena), and 3. Neophilia (response to a novel object). Trials ran for 30 minutes and four trials 1795 
with one toad per trial arena were conducted simultaneously in each trial round. Trials were 1796 
split over three days with six trial rounds on the first two nights (24 toads tested on each 1797 
night) and five (20 toads tested) on the third night. All toads were exposed to each 1798 
behavioural trial in the same sequence, that is, an exploratory trial, a risk-taking trial and a 1799 
neophilia trial with two days of rest in-between trial types (while the other sets of toads were 1800 
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assayed). An equal number of toads from range-front and range-core populations and each 1801 
sex were randomly allocated a trial time and arena within each trial day. Toads from the 1802 
common-garden and wild-caught populations were assayed consecutively rather than 1803 
simultaneously due to logistical and space constraints.  1804 
Trial arenas were large (120 x 120 x 83 cm) hexagonal pens made from waterproof fabric 1805 
with an open top to allow filming from above. The PVC substrate (and shelters, etc.) of each 1806 
arena were wiped with diluted ethanol before each trial to eliminate scent. We measured the 1807 
arena floor temperature before each trial (range: 29-31C). We included an empty container 1808 
in all trials to disambiguate hiding behaviour from interest in a novel object (for consistency, 1809 
empty containers were also included in exploration and emergence trials). At the start of each 1810 
exploratory and neophilia trial, toads were given five minutes before their resting shelter was 1811 
removed and trials began. During risk-taking trials, toads began the trial in the safety of the 1812 
shelter and the entrance was covered for five minutes before the cover was removed. All 1813 
trials were recorded using CCTV cameras and we scored videos using Ethovision XT10 1814 
behavioural analysis software. Ethovision scored all videos in a standardised way without 1815 
information on population of origin (to ensure blind scoring). The investigator left the room 1816 
during trials to avoid affecting toad behaviour.  1817 
Exploratory Trial - To test exploration and space-use in a novel environment (Fraser et al. 1818 
2001; Cote et al. 2010b), we measured time spent moving and rate of movement (Millot et al. 1819 
2009; Adriaenssens and Johnsson 2010). We provided a shelter in the arena to give toads the 1820 
option to hide during trials. This allowed us to distinguish bold, exploratory behaviour from 1821 
fear-driven escape behaviour (see Réale et al. 2007). An empty container was placed next to 1822 
the shelter and both were positioned equidistant to one another at the opposite end of the 1823 
arena to the start point.  1824 
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Emergence Trial - To score risk-taking behaviour, we recorded whether or not a toad 1825 
emerged from its shelter, and latency to emerge (s). Emergence during the trial and a shorter 1826 
latency to emerge indicates higher risk-taking propensity (Cote et al. 2010b; Brodin et al. 1827 
2013). Two empty containers were placed equidistant to one another at the opposite end of 1828 
the arena to the start point.  1829 
Novel Object Trial - To test neophilia we used a silicone fishing lure (20mm x 10mm, 1830 
mimicking a squid) driven by a small motor to move up and down every 2 s as a novel object. 1831 
The novel object was housed inside a clear container to prevent the toad from consuming the 1832 
plastic lure. The novel object was placed at the opposite end of the arena to the start point.  1833 
Statistical Analysis 1834 
We used linear models to analyse the effects of population source (Western Australia – 1835 
Queensland), population type (common-garden – wild-caught), and population source within 1836 
population type separately (common-garden toads from Western Australian versus 1837 
Queensland ancestry and wild-caught toads from Western Australia and Queensland) on 1838 
behavioural traits. We did not incorporate clutch as a factor in our analysis as we were not 1839 
able to obtain information on relatedness in wild toads. The specific measurements collected 1840 
from each trial were:  1841 
1. Exploratory Trials - total time spent moving and rate of movement (as quantified by the 1842 
residual scores from a simple linear regression of total distance moved against total time 1843 
spent moving);  1844 
2. Emergence Trials - emergence (binomial, whether or not individuals emerged during trials) 1845 
and latency to emerge;  1846 
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3. Novel Object Trials - whether or not toads approached to within 90 mm (the minimum 1847 
body length required for toads to be classed as adults (Alford et al. 1995); thus, toads were 1848 
recorded as being in the ‘novel object zone’ when within one body length of the focal object) 1849 
of the novel object (binomial), latency to approach and time spent within 90 mm of the novel 1850 
object.  1851 
Repeatabilities of these behaviours (obtained from a larger sample of toads subjected to these 1852 
trials on two occasions) ranged from R = 0.01 (±95% CI 0, 0.56) P = 0.50 for activity to R = 1853 
0.49 (±95% CI 0.31, 0.81) P = 0.001 for latency to emerge (Gruber et al. unpublished data). 1854 
We included data from captive-raised and wild-caught toads in a single model to examine the 1855 
effects of population (range-core and range edge), source (captive-raised and wild-caught) 1856 
and their interaction on toad behaviour. We used top-down stepwise model selection, starting 1857 
with a full model including all factors, covariates and their interactions, and sequentially 1858 
deleted non-significant terms. Sex, mass, arena temperature, arena number, time of trial, and 1859 
day of trial had non-significant effects on behavioural traits and thus were excluded from the 1860 
final models. We did not detect significant interactions between any factors, hence all 1861 
interaction terms were also removed from final models.  1862 
 1863 
Results 1864 
Overall, toads from the range-edge were more exploratory and had a higher propensity to 1865 
take risks than did toads from the range-core (Table 1). We found no significant interaction 1866 
effect between population (range-edge vs range-core) and prior experience (captive-raised vs 1867 
wild-caught) on any behavioural traits. Range-edge and range-core toads exhibited similar 1868 
rates of movement during exploration trials, were similarly likely to emerge during risk-1869 
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taking trials and responded in similar ways to the novel object during neophilia trials (Table 1870 
1). 1871 
During exploration trials, captive-raised toads spent more time moving and moved faster than 1872 
did wild-caught conspecifics (Table 1; Figure 1). The proportion of toads to emerge during 1873 
risk-taking trials and to approach the novel object during neophilia trials did not differ 1874 
between captive-raised versus wild-caught toads (Table 1; Figure 1). Captive-raised toads 1875 
were quicker to emerge from the shelter during emergence trials and spent more time with the 1876 
novel object during neophobia trials than did wild-caught toads, but these results did not 1877 
reach α < 0.05 (Table 1).  1878 
 1879 
 1880 
 1881 
 1882 
 1883 
 1884 
 1885 
 1886 
 1887 
 1888 
 1889 
 1890 
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Table 1. Effects of population (range core versus range edge), source (captive-raised versus 1891 
wild-caught) and their interaction (population*source) on behavioural traits during 1892 
exploration (time spent moving and rate of movement), risk-taking (proportion to emerge and 1893 
latency to emerge), and neophilia (proportion to approach novel object and time spent with 1894 
novel object) trials. Results for main effects are based on analyses after exclusion of non-1895 
significant interaction terms. Statistically significant values (P = < 0.05) are highlighted in 1896 
bold text. 1897 
Variable Population Captive-raised vs 
Wild 
Population*Source 
Time spent moving (s) F1,135 =4.40 
P < 0.04 
F1,135 = 35.19 
P = < .0001 
F1,135 = 0.45 
P = 0.50 
Time in shelter (s) F1,135 = 9.53 
P < 0.003 
F1,135 = 5.01 
P < 0.03 
F1,135 = 2.86 
P = 0.09 
Movement rate F1,135 = 0.42 
P = 0.52 
F1,135 = 31.43 
P < .0001 
F1,135 = 0.11 
P = 0.74 
Proportion to Emerge  χ
2 = 1.57 
 P = 0.21 
χ2 = 0.00 
P = 0.1 
χ2 = 0.03 
P = 0.86 
Emergence latency (s) F1,135 = 12.77 
 P = 0.0005 
F1,135 = 0.68 
P = 0.41 
F1,135 = 0.026 
P = 0.87 
Proportion to 
approach novel object 
χ2 = 0.08 
P = 0.78 
χ2 = 0.16 
P = 0.78 
χ2 = 0.16 
P = 0.69 
Time spent with novel 
object (s) 
F1,135 = 0.17 
P = 0.68 
F1,135 = 3.79 
P = 0.054 
F1,135 = 0.06 
P = 0.80 
 1898 
 1899 
 1900 
 1901 
 1902 
 1903 
 1904 
 1905 
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 1906 
 1907 
 1908 
Figure 1. Behavioural traits of cane toads from wild-caught and captive-raised populations of 1909 
Western Australian (range-edge) and Queensland (range-core) origin. Graphs show mean values and 1910 
associated standard errors (where relevant) for traits measured during trials of exploratory behaviour 1911 
(time spent moving, rate of movement), risk-taking (emerged from shelter, latency to emerge), and 1912 
neophilia (approached novel object, time with novel object). 1913 
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Discussion 1914 
Our findings are consistent with those of previous studies on behavioural divergence across 1915 
the cane toad’s Australian invasion range (Gruber et al. 2017a): range-edge toads were more 1916 
exploratory and willing to take risks than were conspecifics from range-core populations. 1917 
Importantly, the divergence in risk-taking behaviour was seen in captive-raised toads as well 1918 
as wild-caught animals (and was statistically significant in analyses restricted only to data 1919 
from captive-raised animals). The divergence in risk-taking behaviour in toads from different 1920 
ancestral populations, even after the animals were raised in identical conditions, indicates a 1921 
heritable component to this behaviour. Hence, behavioural divergence across the invasion 1922 
range in this species cannot be due entirely to plastic responses to different environments.   1923 
The distinctive behavioural traits seen at expanding range-edges may result from both 1924 
adaptive and non-adaptive processes. First, traits that enhance dispersal and adaptation to 1925 
novel environments may confer fitness advantages at the range edge, and hence evolve via 1926 
natural selection (Myles-Gonzalez et al. 2015). For example, “risk-taking” individuals may 1927 
be more likely to disperse into novel environments where competition for resources (such as 1928 
food and shelter) and the numbers of pathogens and parasites are reduced by low densities of 1929 
conspecifics (Dingemanse et al. 2003; Atwell et al. 2012; Brown et al. 2013; Myles-Gonzalez 1930 
et al. 2015). High levels of exploration, risk-taking and neophilia also may enable individuals 1931 
to exploit novel niches and resources (Sih et al. 2012; Foster and Sih 2013; Liebl and Martin 1932 
2014). Even in the absence of such adaptive advantages, however, distinctive behavioural 1933 
phenotypes may accumulate at the invasion front because of spatial sorting (Shine et al. 1934 
2011). That is, the increasingly fast-moving invasion front inevitably is dominated by fast-1935 
dispersing individuals, whose interbreeding produces even faster-dispersing offspring 1936 
(Phillips et al. 2006; Phillips et al. 2008; Shine et al. 2011). The evolution of behavioural 1937 
traits across an invasion range may also be indirectly affected by the rapid evolution of 1938 
75 
 
morphological, physiological or life-history traits if there are genetic links between behaviour 1939 
and these traits (e.g., the 'Pace of Life Syndrome' hypothesis Réale et al. 2010b). Other 1940 
processes such as genetic drift, surfing of deleterious mutations (Travis et al. 2007; Excoffier 1941 
et al. 2009) and density-dependent selection (Phillips et al. 2010a) may also influence the 1942 
frequency of inherited traits at the invasion front.  1943 
Previous research using captive-raised (“common-garden”) cane toads has documented 1944 
significant heritability for traits such as dispersal rate (Phillips et al. 2010a), limb morphology 1945 
(Hudson et al. 2016a) and locomotor performance (Llewelyn et al. 2010). Similarly, 1946 
heritability of dispersal-related behavioural traits has been documented in the Blue Tit (Paris 1947 
major) (Verbeek et al. 1994; Dingemanse et al. 2002; Dingemanse et al. 2003; Drent et al. 1948 
2003), the Red-cockaded Woodpecker (Picoides borealis) (Pasinelli et al. 2004), the Collared 1949 
Flycatcher (Ficedula albicollis) (Doligez et al. 2009) and the Glanville Fritillary Butterfly 1950 
(Melitaea cinxia) (Saastamoinen 2008). Our results on cane toads suggest a heritable 1951 
component to behavioural traits that enhance dispersal, but we cannot quantify heritability 1952 
without breeding experiments to allow cross-generational comparisons of behavioural traits 1953 
between parents and offspring.  1954 
Heritability and plasticity are not mutually exclusive mechanisms (Mery and Burns 2010). 1955 
Indeed, behavioural plasticity is driven both by environmental conditions and by the 1956 
constraints of evolved (genetically-based) norms of reaction (Foster and Sih 2013). However, 1957 
these two responses are closely related, with reaction norms evolving such as to generate the 1958 
most appropriate response to any given set of environmental conditions (Tuomainen and 1959 
Candolin 2011). Behavioural plasticity often may be beneficial in a novel environment, if it 1960 
induces an individual to alter its behaviour appropriately and at a rate that fits the prevailing 1961 
environmental conditions (Dall et al. 2004; Sih 2013).  1962 
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Adaptive activational plasticity occurs when an animal has the ability to express a trait (such 1963 
as neophilia) but only does so in response to the appropriate stimulus (Foster and Sih 2013). 1964 
Activational plasticity may explain why neophilia varied so little among toads in this study 1965 
(in wild-caught as well as captive-bred populations, and from the range-edge as well as the 1966 
range-core). The potential advantage of neophilia at the range-edge is clear, as it promotes 1967 
movement through novel areas and exploitation of novel resources (Sih et al. 2004; Chapple 1968 
et al. 2012; Sih et al. 2012). Although cane toads from the range-core are in a familiar 1969 
environment, they nonetheless must often encounter novelty (especially, in urban habitats) 1970 
and neophilic traits may enhance fitness in this situation as well. If so, range-core individuals 1971 
may possess neophilic traits but not express them unless they are exposed to novelty (e.g., 1972 
during the neophilia trial) (Chuang and Peterson 2016).  1973 
In this study, we investigated whether the behavioural divergence documented in cane toads 1974 
across their Australian invasion range (Gruber et al. 2017a) is solely due to plastic responses 1975 
to the profoundly different climatic, physical and demographic environments experienced by 1976 
range-front versus range-core individuals, or if other mechanisms have a role to play. In 1977 
keeping with the earlier report, we found that range-edge toads were more exploratory and 1978 
willing to take risks than were toads from long-colonised areas – and importantly, that 1979 
divergence was evident even if the toads had been raised in captivity. We thus infer that at 1980 
least part of the behavioural divergence between range-core and range-edge cane toads in 1981 
Australia is a result of rapid evolutionary change (i.e., heritable factors, that differ among 1982 
populations), as has been documented also for a wide range of morphological and 1983 
physiological traits (Phillips et al. 2006; Phillips et al. 2007; Phillips 2009; Brown et al. 2013; 1984 
Lindström et al. 2013; Hudson et al. 2016b). Further work is required to measure heritability 1985 
in behavioural traits, and to determine whether the shifts in these traits during the course of 1986 
the toads’ Australian invasion have been driven by adaptive or non-adaptive processes. 1987 
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Chapter 4. 2234 
The Loneliness of the Long-distance Toad: invasion 2235 
history and social attraction in cane toads              2236 
(Rhinella marina) 2237 
 2238 
Published in Biology Letters - Gruber J, Whiting MJ, Brown G, Shine R. 2017 The 2239 
loneliness of the long-distance toad: invasion history and social attraction in cane toads 2240 
(Rhinella marina). Biology Letters. 13: 20170445. http://dx.doi.org/10.1098/rsbl.2017.0445 2241 
 2242 
Abstract 2243 
 2244 
Individuals at the leading edge of a biological invasion constantly encounter novel 2245 
environments. These pioneers may benefit from increased social attraction, because low 2246 
population densities reduce competition and risks of pathogen transfer, and increase benefits 2247 
of information transfer. In standardised trials, cane toads (Rhinella marina) from invasion-2248 
front populations approached conspecifics more often, and spent more time close to them, 2249 
than did conspecifics from high-density, long-colonised populations. 2250 
 2251 
Keywords: Sociality, Bufo marinus, evolution, aggregation 2252 
 2253 
86 
 
Introduction 2254 
 2255 
Biological invasions may impose selection on behavioural traits, generating differences 2256 
between individuals from long-colonised regions compared to individuals from populations at 2257 
the expanding edge of the species’ range. Compared to conspecifics from long-colonised 2258 
populations, invasion-front individuals may be more exploratory and have a higher 2259 
propensity to take risks (Gruber et al. 2017a) and consume novel foods (Liebl and Martin 2260 
2014). Social behaviour also may diverge across an invasion range if populations differ in 2261 
factors such as population density, resource availability and climate (Carvalho et al. 2013). 2262 
Because population densities are lower at expanding range edges than in long-established 2263 
populations, invasion-front pioneers are likely to encounter conspecifics only rarely (Phillips 2264 
et al. 2010a). The cost of associating with a conspecific may be reduced at low densities, due 2265 
to reduced competition for scarce resources and a tendency for parasites and pathogens to be 2266 
absent at the range edge (due to reduced transmission rates, enforced by low encounter rates 2267 
with conspecifics;Phillips et al. 2010b; Brown et al. 2013). Social attraction may be 2268 
beneficial at the range edge because it allows individuals to exchange information (e.g., about 2269 
the location of resources) and find mates; and grouping may provide protection from abiotic 2270 
challenges such as extreme temperatures and desiccation (Lancaster et al. 2006).  2271 
Through social learning, individuals gain information by observation or interaction with other 2272 
animals (Galef and Laland 2005). Such learning may be important at invasion fronts because 2273 
individuals constantly encounter novel, unpredictable environments in which they must learn 2274 
the location of food, water, shelter and mates (Carvalho et al. 2013). Seeking out conspecifics 2275 
and observing their activities or copying their behaviour may provide information about the 2276 
location of resources (Valone and Templeton 2002). For example, foraging conspecifics may 2277 
indicate a successful feeding site and the acceptability of novel foods while sheltering 2278 
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conspecifics may reveal the location of safe havens (Galef and Laland 2005; Rodriguez et al. 2279 
2010).  2280 
To test for geographic divergence in social behaviour, we quantified social attraction in 2281 
standardised trials of cane toads (Rhinella marina) from long-colonised populations both in 2282 
Hawai’i and Australia, and from invasion-front populations in Australia. We predicted that 2283 
invasion-front toads would be more likely to approach a conspecific, and to spend time with 2284 
it, than would toads from long-colonised areas.  2285 
 2286 
Materials and Methods 2287 
 2288 
Cane toads are large (up to 240 mm snout-urostyle length [SUL], 2.8 kg) anurans native to 2289 
Latin America (Lever 2001). They were translocated to Hawai’i (via Puerto Rico) in 1932, 2290 
and from there to Australia in 1935, to help control insect pests in sugarcane plantations 2291 
(Lever 2001). Populations in Hawai’i and eastern Australia (Queensland) thus represent long-2292 
colonised areas (> 80 years since colonisation). The toads spread out across tropical Australia 2293 
after their release; the invasion front is now > 3,000 km from its point of origin (Urban et al. 2294 
2007). In 2016 (when we collected our samples), the front was moving through the 2295 
Kimberley region of north-western Australia.  2296 
We collected 68 adult cane toads comprising 34 individuals (17 male, 17 female) from each 2297 
of two locations across their Australian invasion range: Cairns, Queensland (>80 years since 2298 
colonisation) and Oombulgurri, Western Australia (< 3 years since colonisation). In 2015, we 2299 
collected 119 adult toads from two Hawai’ian islands (both > 80 years since colonisation) 2300 
comprising 60 (30 male, 30 female) from Hawai’i (Big Island hereafter, to avoid confusion) 2301 
and 60 from O’ahu (30 male, 30 female). Toads were collected by hand, measured (SUL) to 2302 
the nearest 0.01 mm and weighed to the nearest 0.1 g. Toads > 90 mm SUL were classed as 2303 
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adults and sex was determined by male-specific vocalisations and nuptial pads (Bowcock et 2304 
al. 2008). 2305 
Toads were transported to animal-holding facilities (in the Northern Territory [12ο 37′ S, 131ο 2306 
18′ E] for the Australian toads; and near Hilo [19ο 20′ N, 155ο 9′ W] for the Hawai’ian toads). 2307 
Two to four toads were housed together; toads were fed live mealworms or crickets four 2308 
times per week and water was provided ad libitum. Specific details of toad housing and 2309 
husbandry procedures for the Australian and Hawai’ian components have been described 2310 
elsewhere (Gruber et al. 2017b; Gruber et al. 2017c).  2311 
Social attraction trials consisted of a ‘stimulus’ female toad secured within a transparent pod 2312 
inside a large (120 x 120 x 83 cm) arena (Figure 1). To ensure that approaches to the stimulus 2313 
toad were motivated by social factors rather than the search for a hiding place, we also 2314 
provided an empty transparent pod (Figure 1). The focal toad was introduced beneath a 2315 
shelter at the opposite end of the arena to the stimulus toad (Figure 1). Five minutes later this 2316 
shelter was removed and the focal toad was free to explore the arena for 30 min. Order of 2317 
testing was randomised except that during the Hawai’ian trials, toads from the two islands 2318 
were assayed consecutively rather than simultaneously due to space constraints.  2319 
Because adult toads are active at night (Lever 2001) trials were carried out in low-level red-2320 
lighting. Trials were filmed using CCTV cameras and we scored videos (with the scorer blind 2321 
to toad origin and sex) using Ethovision XT10 software. Arenas and pods were wiped down 2322 
with diluted ethanol (10%) between trials to eliminate scent cues.  2323 
We used general linear models in JMP 11.0 (SAS Institute, Cary, NC) to analyse the effects 2324 
of invasion history on social attraction. We included the potentially confounding factors sex, 2325 
mass (g), arena and trial number as main effects. We used the ‘glm’ function in R (R Core 2326 
Team, 2017) with a binomial logit link to compare populations with respect to whether or not 2327 
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a toad approached the stimulus toad to within 100 mm (the average body length of toads used 2328 
in the study), and the duration of time that a focal toad spent within 100 mm of the stimulus 2329 
toad. All data were checked for normality and homoscedasticity and log-transformed to meet 2330 
these assumptions as required. 2331 
 2332 
Results 2333 
 2334 
Invasion history affected social attraction behaviour, with invasion-front individuals more 2335 
likely to approach the stimulus toad, and to spend more time with it, than were conspecifics 2336 
from long-colonised areas (approaches, χ2 = 8.66, P = 0.01; time spent with stimulus toad, 2337 
F2,185 = 5.20, P = 0.006; see Figure 2). Males were more likely to approach the stimulus toad 2338 
(χ2 = 8.91, P = 0.01) and spent more time close to it, than were females (F1,185 = 7.70, P = 2339 
0.006). That sex bias was similar among populations; that is, there was no significant 2340 
interaction effect between invasion history and sex on social attraction (approaches, χ2 = 3.79, 2341 
P = 0.15; time spent with stimulus toad F2,185 = 1.06, P = 0.35). All other factors tested were 2342 
non-significant (all P > 0.30).  2343 
 2344 
 2345 
 2346 
 2347 
 2348 
 2349 
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 2350 
 2351 
 2352 
 2353 
 2354 
Figure 1: Arena testing social attraction in cane toads (Rhinella marina) from Australia and 2355 
Hawai’i. The arena contained a transparent pod housing a stimulus toad and an empty 2356 
translucent pod opposite the focal toad’s start point.  2357 
 2358 
 2359 
 2360 
 2361 
 2362 
 2363 
 2364 
 2365 
 2366 
 2367 
 2368 
Pod containing 
stimulus toad 
 Shelter containing 
focal toad 
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a) 2369 
 2370 
b) 2371 
 2372 
Figure 2. In standardised trials, cane toads (Rhinella marina) from different geographic areas 2373 
exhibited different levels of social attraction (as quantified by the amount of time spent 100 2374 
mm from a stimulus toad [a]) and the proportion of individuals that approached the stimulus 2375 
toad [b]). Data are shown for cane toads from three areas with different invasion histories. 2376 
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Discussion 2377 
 2378 
As predicted, invasion-front toads were more likely to approach conspecifics and spent more 2379 
time with them than did toads from long-colonised populations. We also found a sex effect; 2380 
males were more likely to approach conspecifics and spent more time with them than did 2381 
females. Because our stimulus toads were female, that sex bias might reflect sexual rather 2382 
than social attraction. However, the greater sociality of male than female toads was seen (and 2383 
to a similar degree) in both long-colonised and range-edge populations, suggesting that the 2384 
effect of invasion history on social attraction was not due to differences in sexual selection 2385 
among populations. Below, we consider possible explanations for the divergence in social 2386 
attraction between long-colonised and invasion-front populations.  2387 
First, the costs and benefits of social attraction may differ at high versus low population 2388 
densities, which in turn differ predictably across the invasion range. For example, low 2389 
population densities at the invasion front may reduce ecological costs of proximity to 2390 
conspecifics, such as competition for food or transfer of parasites or pathogens. Such costs 2391 
likely are greater in high density (i.e., long-colonised) populations (Brown et al. 2013).  2392 
Second, social attraction may be beneficial at the invasion front because organisms there 2393 
encounter novel and unpredictable conditions, conferring a selective advantage on any 2394 
mechanism (including social learning) that enables individuals to find resources such as food, 2395 
shelter and mates (Galef and Laland 2005). In contrast, individuals in long-colonised areas 2396 
already know the location of resources, and may benefit from avoiding conspecifics by a 2397 
reduction in competition and pathogen transfer (Phillips et al. 2010b; Brown et al. 2013). 2398 
Studies of guppies (Poecilia reticulata; Kendal et al. 2004) and nine-spined sticklebacks 2399 
(Pungitius pungititus; van Bergen et al. 2004) support this prediction, revealing that 2400 
individuals with up-to-date information on the location of resources tend to ignore social 2401 
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cues. In novel environments, social learning may be less costly than innovation (Galef and 2402 
Laland 2005). For example, seeking out conspecifics may be a good strategy for finding safe 2403 
and reliable food patches (Valone and Templeton 2002). Cane toads are attracted to foraging 2404 
areas occupied by already-feeding conspecifics (González-Bernal et al. 2014), as has also 2405 
been documented in lizards (Pérez-Cembranos and Pérez-Mellado 2015) and crab spiders 2406 
(Hanna and Eason 2013). 2407 
Thirdly, harsh environmental conditions may also favour social attraction at the invasion 2408 
front because under some circumstances, grouping with conspecifics acts as a physiological 2409 
buffer. For example, grouping reduces the surface area exposed to the external environment, 2410 
thereby reducing rates of heating and cooling (as in Andean toads Rhinella spinulosa - 2411 
Espinoza and Quinteros 2008) and/or reducing evaporative water loss. Thermal and hydric 2412 
conditions vary substantially across the cane toads’ invasion range from tropical areas in 2413 
Queensland and Hawai’i to the seasonally dry, monsoonal invasion-front in Western 2414 
Australia. Therefore, invasion-front toads may benefit from social attraction because 2415 
grouping protects them from intense thermal and hydric stress (Webb et al. 2014).  2416 
Our data document geographic variation in social attraction in cane toads, but do not reveal 2417 
the proximate basis for that divergence. An individual toad’s level of social attraction may be 2418 
influenced both by its genetics, and by phenotypically plastic responses to environmental 2419 
conditions. Behavioural traits are heritable in many species (reviewed in van Oers et al. 2420 
2005), including cane toads (Gruber et al. 2017a); but plasticity is widespread also (Wright et 2421 
al. 2010). To quantify the relative roles of those two mechanisms, we would need to raise 2422 
toads in standardised (“common-garden”) conditions (Brown et al. 2013).  2423 
 2424 
 2425 
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Chapter 5. 2540 
Effects of rearing environment and population origin on 2541 
habituation to behavioural trials in cane toads       2542 
(Rhinella marina) 2543 
 2544 
Currently in review Gruber J, Brown G, Whiting MJ, Shine R 2545 
 2546 
Abstract 2547 
 2548 
Habituation is a learning process whereby the response of an individual to a stimulus 2549 
decreases with repeated exposure. Many factors can affect habituation rates including the 2550 
environment experienced during development, population of origin and an individual’s 2551 
behavioural type (e.g., bold versus shy). We tested the effect of rearing environment (captive 2552 
raised common-garden versus wild-caught) and population origin (range-edge versus range-2553 
front) on the habituation responses of invasive cane toads (Rhinella marina) to repeated 2554 
exploration and risk-taking assays in captivity. We found that the habituation responses to 2555 
identical assays performed on two occasions were complex and showed few consistent 2556 
patterns based on rearing environment or population of origin. However, behavioural traits 2557 
were repeatable across Trial Blocks when all sample populations were grouped together, 2558 
indicating general consistency in individual toad behaviour across repeated behavioural 2559 
assays.  2560 
Keywords: Bufo marinus, invasion, repeatability, activity, boldness 2561 
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Introduction 2562 
 2563 
Habituation is a form of behavioural plasticity whereby an individual reduces its response to 2564 
stimuli with repeated exposure over time (Rankin et al. 2009). Habituation may occur in 2565 
response to factors such as the presence of predators, food availability, novel environments 2566 
and human disturbance (e.g., anthropogenic noise and human-altered habitats) (Blumstein 2567 
2016). There may be adaptive advantages to habituation, for example, if habituation to low-2568 
risk predator presence increases an individual’s foraging opportunities, or if habituation to 2569 
novel or urbanised habitats enables an individual to exploit novel resources (Rodríguez-Prieto 2570 
et al. 2011). Furthermore, habituation can be beneficial as it reduces stress responses (which 2571 
can have negative effects on body condition and immune function) to non-threatening stimuli 2572 
and allows individuals to selectively focus on important environmental information (Hemmi 2573 
and Merkle 2009; Rankin et al. 2009).  2574 
 2575 
Individuals often consistently differ in their habituation responses and it is likely that multiple 2576 
internal and external factors drive this variation (Bell and Peeke 2012). For example, 2577 
previous experience (Mason et al. 2013), coping style (whether individuals are proactive 2578 
versus reactive; Wolf et al. 2008), neurophysiological stress-responses (Montiglio et al. 2579 
2010), sex (Ellenberg et al. 2009; Rodriguez-Prieto et al. 2011) and experiences during 2580 
ontogeny (Winkler and Leisler 1999; Zimmermann et al. 2001) all can affect habituation. An 2581 
individual’s behavioural type or ‘personality’ may also affect its habituation behaviour. For 2582 
example, Iberian wall lizards that are more exploratory habituate faster (Rodriguez-Prieto et 2583 
al. 2011), human extroverts have a faster habituation rate than introverts (LaRowe et al. 2584 
2006), and “calm” penguins recover from human disturbance more quickly than do 2585 
aggressive conspecifics (Ellenberg et al. 2009).  2586 
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Among-population divergence in behavioural traits such as exploration, risk-taking, 2587 
sociability and neophilia (an attraction to novelty) occurs across range expansion gradients in 2588 
several taxa including fishes (Chapman et al. 2011; Cote et al. 2011), birds (Dingemanse et 2589 
al. 2003; Atwell et al. 2012; Liebl and Martin 2012; Liebl and Martin 2014), reptiles (Aragon 2590 
et al. 2006b; Chapple et al. 2012) and amphibians (Gruber et al. 2017 a, b). Individuals with 2591 
high levels of exploration, risk-taking and neophilia tend to be more common in range-edge 2592 
populations as they are more likely to disperse from the range-core and exploit novel 2593 
environments and resources than are shyer conspecifics (Rehage and Sih 2004; Cote et al. 2594 
2010a). Habituation responses may also be expected to diverge among range-edge and range-2595 
core populations either due to links between behavioural types and habituation rates (e.g., 2596 
bolder individuals habituate faster), or because of differential benefits to rapid habituation 2597 
rates. For example, rapid habituation to novelty may be favoured at range-edges (such as 2598 
invasion-fronts) as it enables individuals to quickly adapt to novel environments and exploit 2599 
resources such as food, water and mates (Bell and Peeke 2012).  2600 
 2601 
Previous research has documented geographic divergence in exploration and risk-taking 2602 
behavioural traits in cane toads (Rhinella marina) from populations across their Australian 2603 
invasion range (Gruber et al. 2017a). By conducting single laboratory-based behavioural 2604 
assays for each trait, Gruber et al. (2017a) revealed that invasion-front toads are more 2605 
exploratory and have a higher propensity to take risks than do conspecifics from long-2606 
colonised populations. Behavioural assays testing the same traits in captive raised common-2607 
garden toads revealed the same pattern of behavioural divergence, suggesting a genetic 2608 
component to these traits (Gruber et al. 2017c).  2609 
In this study, we extended the work of Gruber et al. (2017a, b) by testing how exploration and 2610 
risk-taking behaviour changes with habituation to identical repeated trials in captivity as a 2611 
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function of (1) Population Origin; tested by comparing the habituation responses across 2612 
repeated trials in wild-caught toads from long-colonised and invasion-front populations from 2613 
Australia and long-colonised populations from two islands of Hawai’i (adding to research on 2614 
Hawai'ian toad behaviour; Gruber et al. 2017b), and (2) Rearing Environment (captive-raised 2615 
versus wild-caught toads); tested by comparing the habituation responses of Australian wild-2616 
caught toads with captive, common-garden raised toads of long-colonised and invasion-front 2617 
ancestry. 2618 
Based on the hypothesis that animals held in captivity and repeatedly exposed to behavioural 2619 
trials will habituate to these stimuli (via behavioural plasticity) and hence, will become bolder 2620 
over time (Bell and Peeke 2012), and the pattern of behavioural divergence found in cane 2621 
toads across their Australian invasion range (Gruber et al. 2017a, b), we predicted the 2622 
following: (1) Wild-caught toads would be more exploratory and take more risks in Trial 2623 
Block Two than One (i.e., toads would become bolder and hence, more active over time) as 2624 
they habituated to behavioural trials and captivity, (2) Invasion-front toads would show less 2625 
change in behaviour (habituation) over time than would toads from long-colonised 2626 
populations (invasion-front toads already have high levels of exploration and risk-taking in 2627 
Trial Block One: Gruber et al. 2017a, c); and (3) Common-garden raised toads would exhibit 2628 
consistently high levels of exploration and risk-taking over time as they were already 2629 
habituated to handling and captivity.  2630 
 2631 
Materials and Methods 2632 
 2633 
We collected 68 adult cane toads comprising 34 individuals (17 male, 17 female) from each 2634 
of two locations across their Australian invasion range: Cairns, Queensland (>80 years since 2635 
colonisation) and Oombulgurri, Western Australia (< 3 years since colonisation at the time of 2636 
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study). We collected 120 adult toads from two Hawai’ian islands (both > 80 years since 2637 
colonisation) comprising 60 (30 male, 30 female) from the island of Hawai’i (Big Island 2638 
hereafter, to avoid confusion) and 60 from O’ahu (30 male, 30 female). We also used 34 (17 2639 
male, 17 female) common-garden raised toads, which at the time of the study were 2640 
approximately 18 months of age, and had been raised for their entire lives under standard 2641 
conditions at the same site (The University of Sydney’s Tropical Ecology Research Facility 2642 
in the Northern Territory [12ο 37′ S, 131ο 18′ E]). Common-garden raised toads were selected 2643 
from 13 clutches produced by parents originating from Western Australia and 16 clutches 2644 
produced by parents originating from Queensland. Collection details, housing and breeding 2645 
protocols for the common-garden raised toads are described in (Hudson et al. 2016a). 2646 
Specific details of collection procedures, housing, and trial methodologies are described in 2647 
Gruber et al. (2017a, b, c) but brief descriptions appear below. 2648 
Housing 2649 
Toads were housed together in groups of two to three in 100 L plastic containers with mesh 2650 
lids. Each tub had a wood-shaving substrate and contained two shelters (each shelter was 2651 
large enough to hold three toads) and a large shallow water dish. Toads were fed live crickets 2652 
or mealworms four times per week and were provided with fresh water ad libitum. Wild-2653 
caught toads were housed in captivity for one week before trials began.  2654 
General trial methods 2655 
We tested habituation to repeated exploration and risk-taking behavioural trials in captivity, 2656 
using the definition of habituation as a form of behavioural plasticity whereby an individual 2657 
reduces its response to stimuli with repeated exposure over time (after Rankin et al. 2009; 2658 
Bell and Peeke 2012). All toads were exposed to two types of behavioural assay in the same 2659 
sequence; an exploration trial followed by a risk-taking (emergence from a shelter into the 2660 
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test arena) trial. Each trial ran for 30 minutes. Four toads were tested concurrently, in separate 2661 
identical arenas (hexagonal pens, 120 x 120 x 83 cm) with open tops to allow filming from 2662 
above (see Gruber et al. 2017c for further details). After a 12-day period, each toad was 2663 
subjected to a second replicate exposure to both behavioural tests. All trials were filmed 2664 
using CCTV cameras under low-level red-lighting. We scored videos using Ethovision XT10 2665 
behavioural analysis software (ensuring that blind methods were used to score the videos). 2666 
Behavioural Trials 2667 
Exploration Trial – To test exploration, we measured time spent moving and rate of 2668 
movement (quantified by the residual scores from a simple linear regression of total distance 2669 
moved against total time spent moving). Toads were given five minutes’ rest under a shelter 2670 
within the arena before the shelter was removed and trials began. An enclosed plastic take-2671 
away container (added for visual interest) and a shelter were also placed in the arena (at the 2672 
opposite end of the arena to the starting point), giving toads the option to seek refuge during 2673 
trials. This allowed us to distinguish bold, exploratory behaviour from fear-driven escape 2674 
behaviour (Réale et al. 2007).  2675 
Risk-Taking (emergence) Trial - To measure propensity to take risks, we recorded whether or 2676 
not a toad emerged from its shelter, and latency to emerge (s). Emergence from the shelter 2677 
and a shorter latency to emerge generally indicates higher risk-taking propensity in animals 2678 
(Cote et al. 2010a; Brodin et al. 2013). Toads began each trial with five minutes’ rest under a 2679 
shelter with a covered entrance before the cover was removed and trials began. Two empty 2680 
containers were placed at the opposite end of the arena to the shelter to provide visual interest 2681 
in the otherwise white arena.  2682 
 2683 
 2684 
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Statistical Analysis 2685 
We used generalised linear mixed models in JMP 11.0 (SAS Institute, Cary, NC) to test 2686 
whether changes in exploration and risk-taking behaviour between Trial Block One and Trial 2687 
Block Two differed among toads from (1) different Rearing Environments (captive-born, 2688 
common-garden raised toads with Queensland and Western Australian ancestry and wild-2689 
caught toads from Queensland and Western Australia) and (2) different Population Origins 2690 
(wild-caught toads from long-colonised sites [Hawai’i and Queensland] versus wild-caught 2691 
invasion-front toads from Western Australia). The effects included in the Rearing 2692 
Environment model were Population Source (four-level categorical factor including 2693 
common-garden Queensland, common-garden Western Australia, wild-caught Queensland 2694 
and wild-caught Western Australian), Trial Block (two-level categorical factor) and their 2695 
interaction. For the Population Origin model, we included population type (four-level 2696 
categorical factor containing Queensland, Western Australia, Big Island and Oahu), Trial 2697 
Block (two-level categorical factor) and their interaction. We ran separate models for the four 2698 
behavioural traits. We used Tukey’s post hoc tests to run pairwise comparisons to interpret 2699 
the nature of trait variation for significant effects. We used the ‘GLIMMIX’ function in SAS 2700 
(SAS Institute, Cary, NC) with a binomial logit link to analyse the proportion of toads to 2701 
emerge from the shelters during risk-taking trials. Animal Identity was included as a random 2702 
factor in all models. We also included Sex, Mass, Arena and Trial Number as covariates in all 2703 
models, as these factors might contribute to variation in behavioural traits.  2704 
We calculated adjusted repeatability (including all of the above mentioned independent 2705 
variables) of behavioural traits from Trial Block One to Two using the rptR package in R (R 2706 
core team 2017; rptR methods after Nakagawa et al. 2010; Finger et al. 2016; Stoffel et al. 2707 
2017). For comparison, we calculated an intercept-only model for each behavioural trait 2708 
which included Animal Identity as a random factor and excluded all other explanatory factors 2709 
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(adapted from Nakagawa et al. 2010; Stoffel et al. 2017). To assess consistency of behaviours 2710 
for toads in general, we also calculated a global repeatability score for each behavioural trait 2711 
using an intercept-only model with all sample populations grouped together. All data were 2712 
checked for normality and homoscedasticity and log-transformed to meet these assumptions 2713 
as required. 2714 
 2715 
Results  2716 
 2717 
Does Rearing Environment (common-garden versus wild) affect behaviour across repeated 2718 
trials? 2719 
Exploration Trials  2720 
Time spent moving  2721 
The amount of time that toads spent moving during exploration trials was influenced by a 2722 
significant interaction effect between Rearing Environment and Trial Block (Table 1). 2723 
Common-garden raised toads of both Queensland and Western Australian ancestry decreased 2724 
the time that they spent moving from Trial Block One to Two (Figure 1a). In contrast, wild-2725 
caught toads from both Queensland and Western Australia increased the time that they spent 2726 
moving from Trial Block One to Two (Figure 1a).  2727 
Rate of movement 2728 
The rate of toad movement during trials exhibited no significant interaction effect between 2729 
Rearing Environment and Trial Block (Table 1). However, Rearing Environment and Trial 2730 
Block had separate effects on the rate of toad movement. Overall, movement rate was higher 2731 
during Trial Block One than Two (Figure 1b).  2732 
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Risk-taking Trials 2733 
Emergence The proportion of toads that emerged during risk-taking trials was not 2734 
significantly affected by any main effects in our model nor by the interaction between 2735 
Rearing Environment and Trial Block (Table 1; Figure 1c). 2736 
Latency to emerge The latency of toads to emerge from the shelter during risk-taking trials 2737 
was affected by a significant interaction between Rearing Environment and Trial Block 2738 
(Table 1). Common-garden raised toads of Western Australian ancestry had similar latencies 2739 
to emerge across Trial Blocks (Figure 1d), whereas common-garden raised toads of 2740 
Queensland ancestry reduced their latencies to emerge from Trial Block One to Two (Figure 2741 
1d). The emergence latencies of wild-caught Australian toads did not significantly differ 2742 
between Trial Blocks (Figure 1d). Sex also had a significant effect on latency to emerge, with 2743 
males quicker to emerge from shelters than were female conspecifics across both Trial 2744 
Blocks (Table 1). 2745 
 2746 
Does Population Origin (invasion history) affect behaviour across repeated trials among 2747 
wild-caught toads? 2748 
Exploration Trials  2749 
Time spent moving The amount of time that toads spent moving during exploration trials was 2750 
affected by a significant interaction between Population Origin and Trial Block (Table 2). 2751 
Toads from the Australian long-colonised (Queensland) population increased the time that 2752 
they spent moving from Trial Block One to Two (Table 2; Figure 2a), whereas toads from 2753 
Hawai’ian populations did not significantly change their behaviour across Trial Blocks 2754 
(Table 2; Figure 2a). 2755 
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Rate of movement Movement rate was affected by a significant interaction between 2756 
Population Origin and Trial Block (Table 2). Toads from long-colonised Queensland 2757 
populations decreased their movement rate across Trial Blocks, whereas toads from long-2758 
colonised Hawai’ian and Australian invasion front populations did not significantly change 2759 
their movement rate across Trial Blocks (Figure 2b).  2760 
 2761 
Risk-taking Trials  2762 
Emergence There was a significant interaction effect between Population Origin and Trial 2763 
Block (Table 2). The proportion of toads from Oahu and the Big Island that emerged from the 2764 
shelter during risk-taking trials was similar in Trial Block One, but diverged in Two as the 2765 
proportion of Oahu toads to emerge decreased (Figure 2c). Among Australian invasion-front 2766 
toads, the proportion that emerged decreased from Trial Block One to Two, but among 2767 
Australian toads from the long-colonised populations there was no change between Trial 2768 
Block One and Two (Figure 2c).  2769 
Latency to emerge Emergence latency was affected by a significant interaction between 2770 
population origin and Trial Block (Table 2). Toads from Oahu were slower to emerge in Trial 2771 
Block Two than One, whereas all other populations did not change significantly across Trial 2772 
Blocks (Figure 2d). Sex also affected latency to emerge, with males emerging from the 2773 
shelter more quickly than females (Table 2). 2774 
Repeatability of Behavioural Traits 2775 
General repeatability of cane toad behaviour (all populations combined) 2776 
The times that toads spent moving and their rates of movement were highly repeatable across 2777 
Exploration Trial Blocks One and Two (Table 3). The emergence latencies of toads were 2778 
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moderately, but significantly, repeatable across Risk-taking Trial Blocks One and Two (Table 2779 
3).  2780 
Rearing Environment 2781 
The time that common-garden raised toads of Queensland ancestry spent moving was 2782 
significantly repeatable across Trial Blocks (Table 3). Time spent moving was not 2783 
significantly repeatable for common-garden toads of Western Australian ancestry, nor wild-2784 
caught toads from Queensland or Western Australia (Table 3). Similarly, the rate of toad 2785 
movement was not significantly repeatable across Trial Blocks for any populations (Table 3). 2786 
The emergence latencies of both wild-caught Queensland and wild-caught Western 2787 
Australian populations were moderately and significantly repeatable across Trial Blocks 2788 
(Table 3), whereas latency to emerge was not significantly repeatable across Trial Blocks for 2789 
common-garden-raised toads of either Queensland or Western Australian ancestry (Table 3). 2790 
Population Origin  2791 
The time that toads spent moving and their rate of movement were not significantly 2792 
repeatable across Trial Blocks for any populations (Table 3). The latency to emerge was 2793 
moderately repeatable across Trial Blocks for Australian toads (Table 3), but not for 2794 
Hawai’ian toads (Table 3). 2795 
 2796 
 2797 
 2798 
 2799 
 2800 
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Table 1. Results from a mixed effects model testing the behavioural response of cane toads (Rhinella 2801 
marina) from different Rearing Environments (captive-raised common garden [CG QLD, CG WA] 2802 
and wild-caught Australian populations [Wild QLD, Wild WA) to repeated behavioural trials testing 2803 
exploration (time spent moving, movement rate) and risk-taking (proportion to emerge and emergence 2804 
latency) over two Trial Blocks (separated by 12 days). Animal identity was included as a random 2805 
factor. Significant effects are highlighted in bold text. 2806 
 2807 
 2808 
 2809 
 2810 
 2811 
 2812 
 2813 
 2814 
 2815 
 2816 
 Time spent moving (s) Movement 
rate 
Proportion to 
Emerge    
Emergence 
latency (s) 
Trial Block F1,123 =3.76 
P = 0.05 
F1,120 =10.22 
P = 0.002 
F1,122 = 0.03 
 P = 0.86 
F1,126 = 0.04 
 P = 0.85 
Rearing Environment  
 
F3,123 =6.07 
P = 0.0007 
F3,121 =4.08 
P = 0.008 
F3,122 = 2.25 
 P = 0.09 
F3,128 = 5.13 
 P = 0.002 
Rearing Environment*Trial Block F3,123 =4.78 
P = 0.004 
F3,120 = 0.77 
P = 0.51 
F3,122 = 0.72 
 P = 0.54 
F3,127 = 2.77 
 P = 0.04 
Sex F1,130 = 0.99 
P = 0.32 
F1,127 = 0.21 
P = 0.65 
F1,122 = 0.00 
 P = 1.00 
F1,136 = 4.52 
 P = 0.04 
Mass F1,124 = 0.51 
P = 0.48 
F1,121 = 0.50 
P = 0.48 
F116,122 = 0.05 
 P = 1.00 
F1,131 = 0.06 
P = 0.81 
Trial Number F5,243 = 0.71 
P = 0.62 
F5,244 = 0.35 
P = 0.88 
F5,122 = 0.34 
 P = 0.89 
F5,226 = 0.36 
P = 0.88 
Arena Number F4,237 = 1.73 
P = 0.14 
F4,238 = 0.48 
P = 0.75 
F3,122 = 1.40 
 P = 0.24 
F3,225 = 0.35 
P = 0.79 
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Figure 1. In standardised behavioural trials repeated across two time periods, cane toads (Rhinella 2817 
marina) from different Rearing Environments diverged in habituation responses to trials designed to 2818 
quantify exploration (a. log time spent moving (there was convergence in this trait in Trial Block 2); 2819 
b. movement rate), and risk-taking (c. proportion to emerge and d. latency to emerge from shelters) 2820 
behaviours. Graphs show mean values and associated standard errors (where relevant).  2821 
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Table 2. Results from a mixed effects model testing the behavioural response of cane toads (Rhinella 2833 
marina) from different Populations of Origin (wild-caught toads from long-colonised Queensland, 2834 
Australia and Hawai’i [Oahu, Big Island], and invasion-front populations form Western Australia) to 2835 
repeated behavioural trials testing exploration (time spent moving, movement rate) and risk-taking 2836 
(proportion to emerge and emergence latency) over two Trial Blocks (separated by 12 days). Animal 2837 
Identity was included as a random factor. Significant effects are highlighted in bold text. 2838 
 2839 
 2840 
 2841 
 2842 
 2843 
 2844 
 2845 
 2846 
 2847 
 Time spent moving (s) Movement 
rate 
Proportion to 
Emerge    
Emergence latency (s) 
Trial Block F1,170 =7.18 
P = 0.008 
F1,153 =0.96 
P = 0.33 
F1,172 = 0.28 
 P = 0.60 
F1,179 = 7.52 
 P = 0.007 
Population Origin  
 
F3,169 =282.4 
P = <.0001 
F3,152 =18.3 
P = <.0001 
F2,172 = 0.86 
 P = 0.43 
F3,179 = 7.00 
 P = 0.0002 
Population Origin*Trial Block F3,168 =8.03 
P <.0001 
F3,151 =3.28 
P = 0.02 
F3,172 = 4.85 
 P = 0.003 
F3,181= 5.10 
 P = 0.002 
Sex F1,171 = 3.90 
P = 0.05 
F1,154 = 0.010 
P = 0.92 
F1,172 = 0.16 
 P = 0.69 
F1,183 = 3.01 
 P = 0.08 
Mass F1,172 = 0.24 
P = 0.63 
F1,154 = 0.79 
P = 0.37 
F155,172 = 0.11 
 P = 1.00 
F1,189 = 0.34 
P = 0.22 
Trial Number F5,351 = 0.59 
P = 0.71 
F5,351 = 1.31 
P = 0.26 
F5,172 = 0.63 
 P = 0.68 
F5,298 = 0.34 
P = 0.89 
Arena Number F4,350 = 0.94 
P = 0.44 
F4,351 = 0.61 
P = 0.65 
F3,182 = 4.23 
 P = 0.006 
F3,287 = 1.61 
P = 0.19 
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Figure 2. In standardised behavioural trials repeated across two time periods, cane toads (Rhinella 2848 
marina) from different Populations of Origin diverged in habituation responses to trials designed to 2849 
quantify exploration (a. log time spent moving; b. movement rate), and risk-taking (c. proportion to 2850 
emerge and d. latency to emerge from shelters) behaviours. Graphs show mean values and associated 2851 
standard errors (where relevant).  2852 
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 Table 3 Repeatability results from linear mixed-effect models examining if behavioural traits of cane toads (Rhinella marina) differed across Trial Blocks 1 2865 
and 2 as a function of Rearing Environment (captive-raised common garden [CG QLD, CG WA] and wild-caught Australian populations [Wild QLD, Wild 2866 
WA) or Population of Origin (wild-caught toads from long-colonised Queensland [Wild QLD] and Hawai’i [HW Oahu, HW Big Island), and invasion-front 2867 
populations form Western Australia). Repeatabilitites are shown for intercept only models (RM) and full models including the fixed factors of rearing 2868 
condition and population of origin, Trial Block, and the interactions Trial Block*Rearing Condition and Trial Block*Population Origin, Sex and Mass as 2869 
covariates, and Animal Identity as the random effect (RADJ) (Nakagawa and Schielzeth 2010). Significant repeatabilities are highlighted in bold text. 2870 
 2871 
 2872 
 2873 
   CG QLD CG WA Wild QLD Wild WA HW Oahu HW Big Island Populations Combined  
(Global RM) 
   R 95% CI P R 95% CI P R 95% CI P R 95% CI P R 95% CI P R 95% CI P R 95% CI P 
Time 
spent 
moving 
RADJ  0.43 0.27 0.81 0.01 0.19 0 0.68 0.24 0.001 0 0.6 1 0.001 0 0.61 1 0.07 0 0.44 0.41 0.07 0 0.44 0.41     
  RM 
 
0.49 0.2 0.72 0.001 0.12 0 0.42 0.27 0 0 0.32 1 0.03 0 0.37 0.46 0.005 0 0.25 1 0.09 0 0.32 0.27 0.75 0.69 0.80 0.001 
Rate of 
Movement 
RADJ 0.00
1 
0 0.56 0.5 0 0 0.41 1 0 0 0.59 0.5 0.04 0 0.59 1 0 0 0 1 0 0 0 1     
  RM 
 
0 0 0 1 0.1 0 0.4 0.3 0.02 0 0.38 0.48 0.15 0 0.47 0.22 0.007 0 0.26 1 0.05 0 0.31 0.38 0.90 0.87 0.92 0.001 
Latency to 
emerge 
RADJ 0.12 0 0.62 0.28 0.16 0 0.63 0.2 0.49 0.31 0.81 0.001 0.48 0.3 0.8 0.001 0 0 0.33 0.5 0.23 0.05 0.51 0.13     
  RM 
 
0.15 0 0.44 0.22 0.23 0 0.51 0.11 0.5 0.2 0.7 0.001 0.39 0.07 0.65 0.01 0 0 0 1 0.21 0 0.45 0.05 0.26 0.14 0.37 0.001 
114 
 
Discussion 2874 
 2875 
The habituation responses of cane toads to identical trials across two time periods were 2876 
complex and showed few consistent patterns based on rearing environment or population of 2877 
origin. The most consistent pattern involved the impact of rearing environment on time spent 2878 
moving. Toads that had been raised in captivity exhibited high movement rates in both Trial 2879 
Blocks, presumably because they were already adjusted to captivity, whereas wild-caught 2880 
toads from the same populations were relatively immobile in Trial Block One but more active 2881 
in Trial Block Two (as they became more familiar with captivity; see Figure 1a). Within the 2882 
subgroups of toads, an individual’s behaviour was not significantly repeatable across trials 2883 
for most traits; hence, behavioural responses at Trial Block Two could not be predicted by 2884 
behavioural responses at Trial Block One. Below, we consider possible explanations for the 2885 
inconsistency and unpredictability of habituation responses in cane toads and provide a 2886 
cautionary note for future behavioural studies. 2887 
First, we examined how two factors, rearing condition and population of origin, affected 2888 
habituation across behavioural trials. However, it is likely that habituation responses are 2889 
affected by multiple factors such as developmental and life history, personality, sex, 2890 
population density, and whether an individual is from a wild or urban environment (Ellenberg 2891 
et al. 2009; Oosten et al. 2010; Ensminger and Westneat 2012). For example, in house 2892 
sparrows (Passer domesticus), males feed sooner in the presence of novel objects and human 2893 
disturbance than do females (Ensminger and Westneat 2012) and urban sparrows habituate to 2894 
human disturbance sooner than do rural sparrows (Vincze et al. 2016). In this study, we found 2895 
that Hawai’ian toads that shared the same invasion history and were from similar 2896 
environments but on different islands differed in habituation responses, suggesting that even 2897 
populations with similar experience may diverge in unpredictable ways.  2898 
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Second, the lack of consistency in habituation responses suggests high levels of behavioural 2899 
plasticity. Behavioural plasticity is an adaptive response to novel environments in many taxa 2900 
(Wright et al. 2010) and may enable invasive species to rapidly shift their behaviour to 2901 
exploit novel environments and resources (Chevin et al. 2013). Many phenotypic traits 2902 
(including behaviour) exhibit high levels of plasticity in anurans (Hossie and Murray 2012). 2903 
As ectotherms, anurans are strongly influenced by their environment (Bell et al. 2009; 2904 
Ducatez et al. 2016) and factors experienced during development such as population density, 2905 
food availability, predation risk and temperature can affect phenotypic traits (e.g. Van 2906 
Buskirk and Arioli 2005; Bell and Sih 2007; Hagman and Shine 2009; Indermaur et al. 2010). 2907 
We do not have data on the developmental conditions experienced by the wild-caught toads 2908 
used in this study, and hence are unable to determine whether this factor may have 2909 
contributed to behavioural plasticity. However, previous research has revealed that growth 2910 
rates and development of larval cane toads are affected by rearing densities, but with 2911 
differing response patterns in individuals from long-colonised versus invasion-front 2912 
populations (Ducatez et al. 2016). More directly, our comparisons of wild-caught versus 2913 
common-garden-raised toads from the same populations revealed strong differences in 2914 
habituation responses, indicating a role for phenotypic plasticity in this respect. 2915 
Finally, the complex and unpredictable habituation responses found in this study serve as a 2916 
cautionary tale for using single laboratory-based behavioural trials to quantify behavioural 2917 
traits. Several studies have raised similar concerns. Potential solutions to this problem include 2918 
multiple repeated trials and large sample sizes that enable the use of random regressions for 2919 
reaction norm analysis (to allow for habituation effects on repeatability) (Réale et al. 2007; 2920 
Dingemanse and Wolf 2010; van de Pol 2012; Beckmann and Biro 2013; Biro and Stamps 2921 
2015). Although large sample sizes and data-hungry analyses such as random regressions 2922 
may be ideal methods for testing consistency in behavioural traits, these methods are not 2923 
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practicable for some study systems. In these cases, repeated trials across different time 2924 
periods may confound otherwise meaningful patterns found at one time point due to 2925 
habituation responses to captivity (Martin and Réale 2008). An alternative method may be 2926 
trait validation, where an individual is measured for the same behavioural type across 2927 
different trial contexts (e.g., testing for correlations of ‘bold’ behavioural traits in risk-taking 2928 
and exploration trials), thus reducing the confounding effects of habituation to captivity over 2929 
time (Burns and Rodd 2008; Carter et al. 2013).  2930 
In the current study, we found that rearing environment and population origin had 2931 
unpredictable and complex effects on the repeatability of cane toad behavioural traits across 2932 
Trial Blocks One and Two. Indeed, most behavioural traits were not repeatable when rearing 2933 
environment and population origin were included in repeatability models. However, we 2934 
found that all of the behavioural traits tested were repeatable across Trial Blocks more 2935 
generally, when all sample populations were grouped together. This result indicates that 2936 
overall, individual toads performed in a consistent manner across replicate trials of our 2937 
behavioural assays. Furthermore, previous studies using samples of toads from across the 2938 
Australian invasion range collected in different years (2014, 2016) have revealed that toads 2939 
from invasion-front populations consistently exhibit higher levels of exploration and risk-2940 
taking than do conspecifics from long-colonised areas (Gruber et al. 2017 a, c). Behavioural 2941 
trials using common-garden raised toads revealed the same pattern of geographical 2942 
divergence in behaviour, suggesting a genetic component to these traits (Gruber et al. 2017 2943 
c). Although toad behaviour can be highly plastic, leading to unpredictable habituation 2944 
responses, there nonetheless appears seems to be some broad-scale consistency in the rank 2945 
order of population-level behavioural types (i.e., bold at the range-front versus shy at the 2946 
range-core) across the invasion range.  2947 
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Our findings exemplify the complexity of habituation responses and their effects on the 2948 
repeatability of behavioural traits across repeated behavioural assays. It is likely that multiple 2949 
internal and external factors drive variation in habituation, adding to difficulties in 2950 
interpretation (Bell and Peeke 2012). Developmental environment, life-history, individual 2951 
behavioural types (e.g., bold versus shy), and constraints on behavioural plasticity may all 2952 
affect habituation (Rodriguez & Prieto 2011). Furthermore, habituation responses and the 2953 
repeatability of behaviour can be affected by factors associated with behavioural assays such 2954 
as the interval between trial repeats, the class of behaviour being tested (some behaviours 2955 
may be more canalized or sensitive to the environment) and whether an assay is conducted in 2956 
the wild or in captivity. For example, repeatability is higher when the interval between trials 2957 
is short, when the study focuses on traits such as aggression or habitat selection rather than 2958 
others such as exploration and foraging behaviour, and when the study is conducted in the 2959 
wild versus in captivity (see Bell et al. 2009 for a meta-analysis). If habituation to captivity 2960 
strongly modifies behaviour, results from repeated trials in captivity may fail to reflect 2961 
responses to similar stimuli in the wild (Bell et al. 2009). To meaningfully interpret the 2962 
results from repeated behavioural assays, we need to consider how multiple factors may 2963 
affect habituation and importantly, how habituation responses may affect the repeatability of 2964 
behavioural traits across time.  2965 
 2966 
 2967 
 2968 
 2969 
 2970 
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